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1.  INTRODUCTION

Recent climate change and its feedback to human
activities have become increasingly important, espe-
cially in monsoon regions (IPCC 2013). How ever,
understanding changes in monsoon climate is still
challenging for climate research, due to uncertainty
parameters such as circulation and precipitation
(Christensen et al. 2013). Coupled general cir culation
models (CGCMs) or Earth system models (ESMs)
are used as primary tools to analyse the large-scale
feedback in climate systems (Hargreaves & Annan
2014), but model performance strongly depends on
the region (Flato et al. 2013). Regional climate mod-
els (RCMs) based upon dynamical downscaling of
CGCMs/ ESMs are more appropriate for capturing

sub-grid scale meteorological processes (e.g. sea
breezes, mountain precipitation etc.) over heteroge-
neous land surfaces, according to high-resolution
surface forcing (Hong & Kanamitsu 2014). RCM per-
formance is strongly dependent on boundary condi-
tions (Staniforth 1997, Laprise 2008, Rummukainen
2010), its domain sizes (Leduc & Laprise 2009) and its
horizontal resolution (Gao et al. 2006), especially in
steeply orographic regions, in order to capture sub-
grid scale processes (Nikulin et al. 2012, Hong &
Kanamitsu 2014). Additionally, the parameterization
scheme is the basis of climate modelling, which plays
an increasingly important role in RCM performance
with increasing model resolution (Lee et al. 2013,
Hong & Kanamitsu 2014, Lee & Hong 2014). Accu-
rately evaluating the degree of added value in the
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RCM against the corresponding GCM result has re -
mained under debate in the last few years (Hong
& Kanamitsu 2014). Therefore, a comprehensive as -
sess ment of the performance of RCMs is key for
regional climate dynamical downscaling.

RCM studies generally tend to over- or under-esti-
mate monsoon precipitation and temperature when
compared to observations (Fu et al. 2005, Xue et al.
2010, Nikulin et al. 2012, Gbobaniyi et al. 2014). In
this regard, it is important to evaluate the capability
of RCMs to reproduce the present climate before
using them for future scenarios (Wang et al. 2004,
Flato et al. 2013), especially in monsoon regions (Fu
et al. 2005, Nikulin et al. 2012). In the last decade,
numerous international RCM downscaling projects
have been carried out focusing on monsoons, but
over specific areas of interest (Laprise 2008, Giorgi et
al. 2009). These projects include the Regional Model
Intercomparison Project for Asia (RMIP Asia; Fu et al.
2005) to evaluate and improve RCM simulations for
the East Asian monsoonal region, the African Mon-
soon Multidisciplinary Analyses (AMMA; Redels -
perger et al. 2006, Ruti et al. 2011) to address the
main uncertainties in the atmospheric processes con-
trolling the monsoon system (Hourdin et al. 2010)
and the West African Monsoon Modelling and Evalu-
ation (WAMME; Druyan et al. 2010, Xue et al. 2010)
to study the role of land−atmosphere−aerosol inter-
actions on West African monsoon processes. Each of
these projects has made significant contributions to
improve RCM simulations and to understand the
evolution of monsoon mechanisms. However, the
projects have been limited by international coordina-
tion and by the limited transfer of knowledge
between the projects and the regions of interest. A
worldwide inter-model comparison project with a
common framework (i.e. the Coordinated Regional
Climate Downscaling Experiment, CORDEX) was set
up with the aim of obtaining comprehensive RCM
data to study regional climate change (Giorgi et al.
2009). Among the focus areas within CORDEX is
East Asia, which is characterised by a complex mon-
soon system (Ding & Chan 2005, Hui & Shum 2005)
and a heterogeneous land cover (Fu et al. 2005, Gao
et al. 2006). Furthermore, the application of RCMs is
particularly important over East Asia due to their
 better performance in reproducing the present mon-
soon climate. In addition, these models provide more
reliable climate change signals over that region due
to their high spatial resolutions (Gao et al. 2006, 2013,
Qian & Leung 2007, Yu et al. 2010).

Several studies have examined the performance
of a single RCM in simulating precipitation over

CORDEX-East Asia (CORDEX-EA). For example,
COSMO-CLM (Rockel et al. 2008) is able to capture
precipitation patterns in a small river basin (Fischer
et al. 2013), but has a significant wet bias over steep
orographic regions (Wang et al. 2013). RegCM (Giorgi
et al. 1993) shows close agreement with the observed
precipitation (Gao et al. 2006, 2011), but a large pos-
itive bias over northern Asia during the cold season
(Giorgi et al. 2012), the performance of which is sub-
stantially dependent on model resolution (Gao et al.
2008) and geographical regions (Gao et al. 2012,
Oh et al. 2014). YSU-RSM (Hong et al. 2013) models
the inter-annual variations of precipitation as well as
extreme precipitation events (Lee et al. 2014). These
RCMs can represent the main climatological features
of precipitation at different levels of accuracy (Giorgi
et al. 2012, Wang et al. 2013, Lee et al. 2014, Oh et al.
2014). However, none of these studies focused on an
inter-comparison of the different models in simulat-
ing precipitation in this region.

Here we present the first evaluation results of the
CORDEX-EA project using an ensemble of 5 RCM
simulations driven by the ERA-Interim re-analysis
data from the European Centre for Medium-Range
Weather Forecasts (ECMWF; Dee et al. 2011). We
examined the capacity of the individual RCMs and
their multi-model ensemble (MME) means to repro-
duce the present climatology and to capture the
Asian-Australian monsoon system.  

2.  MODELS, DATA AND METHODS

Five RCMs participate in CORDEX-EA (Table 1).
Following the modelling framework of the CORDEX
project, the simulations are driven by ERA-Interim
re-analysis data (1989−2008) at the lower and lateral
boundaries, and are integrated over East Asia (Fig. 1)
with a spatial horizontal resolution of 0.44° (~50 km).
The CORDEX-EA domain includes 4 sub-monsoon
systems (i.e. the South Asian Summer Monsoon
[SAS], the East Asian Summer Monsoon [EAS], the
Western North Pacific Tropical Monsoon [WNP], and
the Australian-Maritime Continent Monsoon [AUSMC];
Fig. 1; Christensen et al. 2013).

COSMO-CLM (COSMO: the Consortium for
Small-scale Modelling; CLM: Climate Limited-area
Modelling or the climate version of ‘Lokalmodell’;
www.clm-community.eu) is a non-hydrostatic re -
gional climate model, which has an Arakawa-C hori-
zontal grid (Arakawa & Lamb 1981) and a terrain
 following height coordinates (Schär et al. 2002) with
rotated geographical coordinates in the vertical level.
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Wang et al. (2013) adapted the COSMO-CLM in East
Asia, but it is driven by the ERA-40 re-analysis
(Uppala et al. 2005). Following the CORDEX-EA
framework, we re-ran the simulation driven by the
ERA-Interim. The model set-up was adapted from
Wang et al. (2013), but using the Runge-Kutta split-
explicit scheme for time integration and a time step
of 240 s. The physical parameterization schemes
used in the simulation are the Tiedtke mass-flux con-
vection scheme (Tiedtke 1989), the prognostic turbu-
lent kinetic energy (TKE) turbulence scheme, the δ
2-stream radiation scheme with full cloud-radiation
feedback (Ritter & Geleyn 1992) and the multi-layer
soil scheme (Jacobsen & Heise 1982).

HadGEM3-RA is a regional version of the atmo -
spheric component of the Hadley Centre Global Envi-
ronment Model (HadGEM3-A). It is a non-hydrosta-
tic regional climate model, which has an Arakawa-C
horizontal grid and a terrain-following vertical coor-
dinate. The model includes semi-Lagrangian advec-
tion of all prognostic variables except density, per-
mitting relatively long time steps to be used at high
resolution (Davies et al. 2005, Martin et al. 2006). The
simulation was set up with the general 2-stream radi-
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Fig. 1. CORDEX-East Asia domain at 0.44° grid resolution
with topo graphy and the 4 sub-monsoon domains including
the South Asian Summer Monsoon (SAS), the East Asian
Summer Monsoon (EAS), the Western North Pacific Tropical
Monsoon (WNP) and the Australian-Maritime Continent 
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ation scheme (Edwards & Slingo 1996, Cusack et al.
1998), the nonlocal mixing scheme for unstable lay-
ers (Lock et al. 2000), the local Richardson number
scheme for stable layers (Smith et al. 1990), the
mixed phase microphysics scheme (Wilson & Ballard
1999), the revised mass flux scheme (Gregory &
Rowntree 1990) for deep and shallow convection
(Grant & Brown 1999), the MOSES-II with 9 surface
tile types plus coastal tiling (Essery et al. 2003) for
land surface and the Smith et al. (1990) scheme using
parameterized critical relative humidity (RH-crit) for
cloud cover (Cusack et al. 1998).

The new version of the RegCM regional climate
modelling system version 4 (RegCM4) is a hydro-
static, compressible model with sigma-p vertical
coordinates and an Arakawa-B horizontal grid
(Giorgi et al. 2012). The dynamical core of RegCM4 is
the same as the Pennsylvania State University/
National Centre for Atmospheric Research (PSU/
NCAR) meso-scale model (MM5) (Grell et al. 1994).
The parameterization scheme of this study includes
the MIT-Emanuel cumulus scheme (Emanuel 1991,
Emanuel & Zivkovic-Rothman 1999), modified Holt-
slag planetary boundary layer scheme (Holtslag et al.
1990), NCAR Community Climate Model version 3
(CCM3) radiation scheme (Kiehl et al. 1996) and
NCAR Community Land Model version 3.5 (CLM3.5)
land surface scheme (Bonan et al. 2002, Steiner et al.
2009).

SNU-MM5 is an evolved version of MM5 (Lee et al.
2004), which implements the spectral nudging tech-
nique of von Storch et al. (2000) for lateral boundary
handling. It uses a non-hydrostatic primitive equa-
tion system with a terrain-following sigma vertical
coordinate. The Kain-Fritsch cumulus convective
parameterization scheme (Kain & Fritsch 1990), the
Reisner II explicit moisture scheme (Reisner et al.
1998), the CCM2 radiative transfer scheme (Briegleb
1992), the CLM3 land surface model (Bonan et al.
2002) and the Yonsei University planetary boundary
layer (YSUBL) scheme (Hong et al. 2006) were con-
figured in this study.

The perturbation model YSU-RSM is described by
a 2-dimensional sine series for the perturbation of
vorticity, but by a 2-dimensional cosine series for per-
turbations of pressure, divergence, temperature and
mixing ratio. Linear computations of horizontal diffu-
sion and semi-implicit adjustment are only consid-
ered as perturbations, thus the error due to the re-
evaluation of the linear forcing from the base fields is
eliminated (Juang & Kanamitsu 1994, Juang et al.
1997). Lee et al. (2014) presented details of the para-
meterization scheme for the simulation.

For model evaluation of precipitation climatology
and monsoon characteristics, the Asian Precipita-
tion-Highly-Resolved Observational Data Integra-
tion Towards Evaluation of the Water Resources
(APHRO DITE; Yatagai et al. 2009), the Climatic
Research Unit (CRU; Harris et al. 2014), the Global
Precipitation Climatology Centre (GPCC; Schneider
et al. 2014), the Global Precipitation Climatology
Project (GPCP; Adler et al. 2003), the Tropical Rain -
fall Measuring Mission (TRMM; Huffman et al. 2007)
and the ERA-Interim re-analysis datasets were used
(Table 2). In addition, low-level wind fields (850
hPa) from the ERA-Interim were compared against
model results. To eliminate the small difference in
the assimilation approach in order to derive the
ERA-Interim precipitation, we followed Nikulin et
al. (2012) with base times 00:00 and 12:00 h UTC
and forecast steps of 12 h to obtain the daily precip-
itation. We then calculated the daily and monthly
means. It is worth mentioning that the difference
between APHRODITE, CRU and GPCC is not sig-
nificant in terms of climatology. The pattern cor -
relation coefficient between APHRO DITE and CRU
(GPCC) climatology is 0.96 (0.97) for annual mean,
0.96 (0.96) for MAM, 0.95 (0.97) for JJA, 0.96 (0.97)
for SON and 0.97 (0.97) for DJF. Therefore, a merged
APHRO DITE, CRU and GPCC dataset was used to
com pare monsoon char ac teristics in CORDEX-EA.
These precipitation data sets cover the time period
from 1989−2008, except APHRO DITE (1989−2007)
and TRMM (1998−2008). The validation data are re -
mapped onto a common grid of 0.44° by bi-linear
interpolation.

We used 3 different skill measurements to validate
the performance of the RCMs on a seasonal time
scale for summer (JJA) and winter (DJF) from 1989−
2008: the mean bias (BIAS), the pattern correlation
coefficient (PCC) and the root mean square error
(RMSE).

In addition, we calculated the 4 monsoon metrics
defined by Wang & Ding (2008). These metrics
contribute to a new monsoon index which is based
on the physical processes of the coupled atmo -
sphere− ocean−land system and its response to
solar radiative forcing (Wang et al. 2011). Four
parameters are used for this index: (1) the annual
mean precipitation (AM); (2+3) the first and second
annual cycle modes of the annual variation of the
precipitation (AC1 and AC2); and (4) monsoon
precipitation intensity and monsoon domain (MPI
and monsoon domain) (Wang et al. 2011, Lee &
Wang 2014). Following Lee & Wang (2014), we
analysed the 4 parameters of each model simula-
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tion and MME to evaluate the capacities of the
models in reproducing the Asian monsoon system.
The PCC and the normalised RMSE (NRMSE)
were used to evaluate the models’ capacities. The
NRMSE is defined as the RMSE normalised by
the standard deviation of observations that is cal-
culated with reference to the regional mean of
CORDEX-EA.

3.  RESULTS

3.1.  Extreme rainfall event

We first checked the ability of each model to
simulate an extreme rainfall event which caused
severe flooding in the Yangtze River valley and
northeast China in the summer of 1998 (Fu et al.
2005). Fig. 2 shows the total precipitation and
mean wind vectors at 850 hPa from 11−20 June
1998 of each RCM, the GPCP, the TRMM and the
ERA-Interim, respectively. The GPCP, the TRMM
and the ERA-Interim showed much better consis-
tency, although some significant differences were
still evident at smaller spatial scales (e.g. in the
Bay of Bengal and in the tropical eastern Pacific
Ocean). The PCC between the GPCP and the
TRMM (ERA-Interim) was 0.90 (0.85). All 3 data -
sets captured the rainfall belts along 20−35° N,
105− 150° E. The RCMs revealed high consistency
in reproducing low-level winds compared to the
ERA-Interim. Furthermore, the characteristic clock-
wise (anti-clockwise) circulation patterns over the
west Pacific Ocean, WPO (northeast China and
east Mongolia) which indicate anticyclone (cyclone)
cells in corresponding regions were well captured
by all of the RCMs. Water vapour is transported
within south-westerly monsoonal low-level winds.
Over the western part of the WPO High, moisture
flux convergences result in rainfall belts along the
Yangtze River valley, the East China Sea and the
south of Japan, and in the Bay of Bengal. When
compared to observations, most of the models cap-
tured the rainfall distribution. More than 200 mm
of precipitation accumulation was simulated along
the rainfall bands, and the calculated PCC ranged
from 0.57 to 0.76. RegCM4 (YSU-RSM) had the
best (worst) performance in simulating flooding,
and was able (not able) to simulate rainfall bands
accurately. The MME im proved both the precipita-
tion (PCC: 0.84) and the low-level wind patterns,
when compared to all RCMs, with a significant
reduction in bias.

145

D
at

as
et

P
ro

d
u

ct
F

u
ll

 n
am

e
T

em
p

or
al

 
R

ef
er

en
ce

re
so

lu
ti

on

A
P

H
R

O
D

IT
E

A
P

H
R

O
_V

10
03

R
1 

A
si

an
 P

re
ci

p
it

at
io

n
-H

ig
h

ly
-R

es
ol

ve
d

 
D

ai
ly

Y
at

ag
ai

 e
t 

al
. (

20
09

)
(w

w
w

.c
h

ik
yu

.a
c.

jp
/p

re
ci

p
/p

ro
d

u
ct

s/
in

d
ex

.h
tm

l)
M

on
so

on
 A

si
a 

+
 R

u
ss

ia
O

b
se

rv
at

io
n

al
 D

at
a 

In
te

g
ra

ti
on

 T
ow

ar
d

s 
E

va
lu

at
io

n
 o

f 
th

e 
W

at
er

 R
es

ou
rc

es
C

R
U

(w
w

w
.c

ru
.u

ea
.a

c.
u

k
/c

ru
/d

at
a/

)
T

S
 3

.2
1

C
li

m
at

ic
 R

es
ea

rc
h

 U
n

it
M

on
th

ly
H

ar
ri

s 
et

 a
l.

 (
20

14
)

E
R

A
-I

n
te

ri
m

(w
w

w
.e

cm
w

f.
in

t)
R

e-
an

al
ys

es
R

e-
an

al
ys

is
 d

at
a 

fr
om

 E
u

ro
p

ea
n

 C
en

tr
e 

D
ai

ly
D

ee
 e

t 
al

. (
20

11
)

fo
r 

M
ed

iu
m

-R
an

g
e 

W
ea

th
er

 F
or

ec
as

ts
G

P
C

C
(h

tt
p

:/
/g

p
cc

.d
w

d
.d

e)
v6

G
lo

b
al

 P
re

ci
p

it
at

io
n

 C
li

m
at

ol
og

y 
C

en
tr

e
M

on
th

ly
S

ch
n

ei
d

er
 e

t 
al

. (
20

14
)

G
P

C
P

(h
tt

p
:/

/p
re

ci
p

.g
sf

c.
n

as
a.

g
ov

/)
v2

.2
G

lo
b

al
 P

re
ci

p
it

at
io

n
 C

li
m

at
ol

og
y 

P
ro

je
ct

M
on

th
ly

A
d

le
r 

et
 a

l.
 (

20
03

)
T

R
M

M
(h

tt
p

:/
/m

ir
ad

or
.g

sf
c.

n
as

a.
g

ov
/)

3B
42

T
ro

p
ic

al
 R

ai
n

fa
ll

 M
ea

su
ri

n
g

 M
is

si
on

3 
h

ou
rl

y
H

u
ff

m
an

 e
t 

al
. (

20
07

)

T
ab

le
 2

. M
ai

n
 c

h
ar

ac
te

ri
st

ic
s 

of
 t

h
e 

ob
se

rv
at

io
n

al
 a

n
d

 r
e-

an
al

ys
is

 p
re

ci
p

it
at

io
n

 d
at

as
et

s



Clim Res 64: 141–158, 2015

3.2.  Seasonality

In the summer months, the observed rain bands
stretch from northern India, the Bay of Bengal, the
northern Indo-China peninsula and the south of
China (Fig. 3; cf. GPCP). Meanwhile, the  inter-
tropical convergence zone (ITCZ) reaches its north-
ernmost location (not shown). The TRMM showed
strong agreement with the GPCP in the CORDEX-
EA region, which slightly over- (under-) estimated

precipitation in the tropics (sub-tropics). A significant
difference occurred at the western Tibetan Plateau
and the western Indo-China peninsula (Fig. 3; cf.
TRMM). The ERA-Interim revealed similar summer
rainfall patterns as the GPCP, but significantly over-
(under-) estimated precipitation in the equatorial
Pacific Ocean and western China (south of Japan,
Korean peninsula, and Pacific Ocean at 35−50° N,
155−170° E; Fig. 3). Fig. 3 illustrates the gauge-based
precipitation datasets and the GPCP demonstrating
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Fig. 2. Total precipitation and wind vectors at 850 hPa (m s−1) over the period 11−20 June 1998. The numbers in the lower/
bottom left-hand corners show the pattern correlation coefficient (PCC) between the observed and simulated rainfall patterns 

(CORDEX-East Asia). MME: multi-model mean. Datasets are described in Table 2
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much better consistency, although some significant
differences were evident at smaller spatial scales
(e.g. in southern India, the western Indo-China pe -
ninsula and the western Tibetan Plateau). RCMs per-
formed well over northeast Asia (40−50° N, 105−

120° E) and the northwest Pacific Ocean (30−50° N,
140− 165° E), in which the absolute model bias was
<1 mm d−1 compared to the obser vations (Fig. 3).
RCMs simulated a drier Indian sub-continent, except
the COSMO-CLM, which reproduced a slight wetter
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Fig. 3. Summer (JJA) rainfall of the Global Precipitation Climatology Project (GPCP) and the rainfall anomalies ‘observation
minus GPCP’, and ‘model minus GPCP’ from 1989−2008. The magenta angled grids illustrate the significance level at 0.001. 

MME: multi-model ensemble mean. Datasets are described in Table 2
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central India. The COSMO-CLM, the HadGEM3-RA,
the RegCM4 and the SNU-MM5 tended to over-esti-
mate the precipitation over the Tibetan Plateau,
especially in the Himalayas (>4 mm d−1), where the
YSU-RSM simulated less precipitation (~3 mm d−1).
COSMO-CLM and HadGEM3-RA (RegCM4, SNU-
MM5 and YSU-RSM) exhibited negative (positive)
bias over the Indo-China peninsula. In Indonesia and
Malaysia, the SNU-MM5 calculated wetter condi-

tions (>4 mm d−1), while the other models simulated
drier conditions.

In winter, the rain bands withdraw to the south
with maximum precipitation (>16 mm d−1) in Indo -
nesia and Malaysia (Fig. 4; cf. GPCP). The TRMM
showed a good agreement with the GPCP, which had
a significant negative bias over the northern Pacific
(Fig. 4). The ERA-Interim and the gauge-based pre-
cipitation datasets had the same winter precipitation
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Fig. 4. As in Fig. 3, but for the winter months (DJF)
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pattern as the GPCP. Significant negative biases
(<1 mm d−1) occurred over central Asia and eastern
Siberia. The RCMs had a tendency to simulate wetter
conditions in most parts of the CORDEX-EA domain
(Fig. 4). RCMs tended to over-estimate winter pre -
cipitation (~1 mm d−1) in the Tibetan Plateau and
the equatorial ocean, while they tended to under-
estimate it over central Asia. In south China and the
South China Sea, the RCM biases showed opposite
signs among the individual simulations, where the
YSU-RSM (COSMO-CLM) simulated a significantly
wetter (drier) bias while the other 3 models had a
non-significant bias. We found that the YSU-RSM
modelled too much precipitation over the Pacific
Ocean at 20−40° N, 120−165° E.

The statistical evaluation of model performance in
simulating the spatial precipitation patterns over 4
sub-monsoon domains during the present (1989−
2008) climate period are presented in Table 3. For the
summer season, the TRMM showed good agreement
with the GPCP over the 4 sub-monsoon domains,
while the ERA-Interim significantly under-(over-)
estimated precipitation in the EAS (WNP). Compared
to the GPCP, APHRODITE had a significant dry bias,
while the CRU and the GPCC showed consistency.

The RCMs tended to simulate more precipitation in
the SAS, the EAS and the WNP, but less precipitation
in the AUSMC. In the SAS, the bias ranged from
−0.07 to 1.51 mm d−1, but only the YSU-RSM simu-
lated a significant wetter condition (1.51 mm d−1).
The COSMO-CLM (BIAS: −1.00 mm d−1) simulated a
drier EAS, while the other 4 RCMs were wetter, with
a BIAS ranging from 0.38 to 1.93 mm d−1. As in the
EAS, the RCMs had a tendency to simulate more pre-
cipitation in the WNP, except the HadGEM3-RA
(BIAS: −1.30 mm d−1). RCMs slightly under-estimated
the JJA rainfall in the AUSMC where the COSMO-
CLM simulated the wettest condition (BIAS: 0.98 mm
d−1). Furthermore, the RCMs showed higher RMSEs
(1.28−5.50 mm d−1) in the SAS and lower RMSEs
(0.03−0.19 mm d−1) in the AUSMC. The RCMs cap-
tured summer precipitation patterns better in the
EAS (PCC: 0.95−0.97) than in the other 3 regions. In
the winter season, the TRMM and the ERA-Interim
showed good agreement with the GPCP. The  re-
gridded gauge datasets slightly under-estimated the
precipitation in the 4 sub-monsoon regions, espe-
cially in the EAS (BIAS: −0.52, −0.53, −0.56 mm d−1,
respectively). APHRO DITE had a significant nega-
tive bias for the DJF rainfall in the CORDEX-EA.
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SAS EAS WNP AUSMC
BIAS RMSE PCC BIAS RMSE PCC BIAS RMSE PCC BIAS RMSE PCC

JJA TRMM 0.96 1.15 0.96 0.07 0.11 0.99 0.82 0.39 0.97 −0.02 0.02 0.95
ERA−Interim 0.28 0.64 0.96 −0.22** 0.28 0.97 1.13** 0.39 0.97 0.20 0.03 0.97
APHRODITE −1.71* 0.70 0.92 −0.95** 0.10 0.99 −2.39* 0.16 0.95 −0.44* 0.01 0.96
CRU −0.47* 0.41 0.96 −0.37 0.05 0.99 −0.79 0.09 0.96 0.04 0.00 0.95
GPCC 0.62** 1.28 0.91 −0.35 0.08 0.98 −0.81 0.16 0.94 0.01 0.01 0.95
COSMO−CLM −0.07 1.27 0.93 −1.00 0.51 0.95 3.35** 2.43 0.92 −0.98** 0.11 0.88
HadGEM3−RA 0.40 5.52 0.81 0.38** 0.54 0.95 −1.30* 0.70 0.92 −0.07 0.04 0.92
RegCM4 −0.07 2.82 0.86 0.83** 0.72 0.95 2.16** 1.22 0.95 −0.19 0.07 0.85
SNU−MM5 0.29 2.65 0.89 1.93** 1.02 0.96 3.12** 1.60 0.94 −0.03 0.14 0.83
YSU−RSM 1.51** 3.45 0.90 1.83** 0.84 0.97 2.33** 0.98 0.96 0.11 0.19 0.80
MME 0.41 1.56 0.93 0.80** 0.34 0.97 1.93** 0.75 0.96 −0.24 0.04 0.90

DJF TRMM 0.01 0.01 0.95 0.10 0.03 0.96 0.15 0.05 0.95 0.80 0.20 0.99
ERA−Interim 0.25** 0.04 0.86 0.09 0.04 0.95 0.63 0.10 0.95 0.57 0.18 0.98
APHRODITE −0.10* 0.00 0.94 −0.52* 0.00 0.98 −0.47* 0.01 0.90 −2.28** 0.08 0.98
CRU −0.10 0.00 0.94 −0.53** 0.00 0.98 −0.09 0.01 0.87 0.68* 0.03 0.99
GPCC 0.06 0.00 0.91 −0.56** 0.01 0.97 −0.20 0.01 0.85 0.11 0.05 0.98
COSMO−CLM −0.14** 0.02 0.75 −0.22 0.06 0.90 −0.50* 0.04 0.95 2.48** 1.41 0.94
HadGEM3−RA 0.49** 0.09 0.79 0.41** 0.08 0.95 0.12 0.07 0.93 1.24* 0.67 0.95
RegCM4 0.35** 0.06 0.76 0.31* 0.06 0.93 −0.08 0.05 0.93 0.26 0.97 0.91
SNU−MM5 0.00 0.02 0.89 −0.01 0.05 0.92 1.30** 0.39 0.93 0.35 0.82 0.93
YSU−RSM 1.82** 0.47 0.93 2.24** 1.31 0.90 2.36** 0.65 0.90 −0.33 0.83 0.92
MME 0.50** 0.05 0.93 0.55** 0.08 0.96 0.64** 0.09 0.96 0.74 0.35 0.97

Table 3. BIAS (mm d−1), root mean square error (RMSE, mm d−1) and pattern correlation coefficient (PCC) between the simulated precipi-
tation and the observation (Global Precipitation Climatology Project, GPCP) for JJA and DJF over the 4 sub-monsoon domains (SAS: South
Asian Summer Monsoon, EAS: East Asian Summer Monsoon, WNP: Western North Pacific Tropical Monsoon, AUSMC:  Australian-

Maritime Continent Monsoon). MME: multi-model mean. Datasets are described in Table 2. *p < 0.01; **p < 0.001
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When compared to the summer season, the RCMs
tended to over-estimate the winter precipitation in
the 4 sub-monsoon regions, except in the AUSMC.
The COSMO-CLM simulated a noticeable dry bias
in the SAS and the WNP, whereas the other RCMs
presented a significant wet bias. The RMSEs (0.68−
1.43 mm d−1) in the AUSMC were larger than in the
SAS (<0.47 mm d−1), EAS (<1.28 mm d−1) and WNP
(<0.64 mm d−1).

In both seasons, the MME captured the precipita-
tion patterns better than the individual models, lead-
ing to the highest PCC and lower BIAS and RMSE
(Table 3). In JJA, the precipitation difference be -
tween the MME and the observations ranged from
−1.0 to 1.0 mm d−1 in most parts of the CORDEX-EA
(Fig. 3). A significant positive (negative) bias oc -

curred in the Pacific Ocean at 5−15° N, 135−165° E
(the Indian sub-continent). For DJF, the MME
showed wetter conditions than the GPCP (e.g. in cen-
tral China, Mongolia and the Pacific Ocean at 28−
55° N, 140−165° E), especially in the equatorial area
(>3 mm d−1; Fig. 4). The bias between the MME and
the GPCP was significant in the EAS and in the WNP
for JJA, and in the SAS, EAS and WNP for DJF,
respectively (Table 3).

3.3.  Annual cycle

Fig. 5 illustrates the mean annual cycle of precipita-
tion averaged over 4 sub-monsoon regions as pre-
sented in Fig. 1. The annual cycle depicts the promi-
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Fig. 5. Annual cycle of monthly precipitation averaged over the 4 sub-monsoon domains for the period 1989−2008 for the
Global Precipitation Climatology Project (GPCP, solid black line), the ERA-Interim (solid green line), TRMM (solid blue line),
each of the regional climate models (RCMs, coloured dashed lines) and their multi-model ensemble mean (MME, solid 

red line). Datasets are described in Table 2
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nent features of the precipitation in this region associ-
ated with the summer monsoon: dry conditions in the
boreal winter and a rainy season from May to Septem-
ber (November to March) in the northern (southern)
hemisphere. The ERA-Interim and the TRMM were
consistent with the GPCP in the EAS and the AUSMC,
and slightly over-estimated the peak in the SAS
and the WNP. In general, they were much closer to
the GPCP during the summer monsoon season of each
monsoon system.

In the SAS, most of the RCMs were in close agree-
ment with the observations; only the YSU-RSM sim-
ulated a slightly wetter (<1 mm d−1) summer and win-
ter. In the EAS, the RCMs simulated 2 peaks in June
and August. Furthermore, the RCMs demonstrated a
large range in simulating summer precipitation and a
small amplitude in the pre-monsoon and post-mon-
soon seasons. The COSMO-CLM identified a nega-
tive bias, while other models tended to show a posi-
tive bias, especially in the summer. The YSU-RSM
simulated a much wetter winter (2 mm d−1) and sum-
mer. Over the WNP, most of the RCMs indicated an
earlier onset of the rainy season (May) compared to
observations (June) and indicated that it is much
wetter throughout the year. As in the EAS, the YSU-
RSM showed a much wetter winter (2 mm d−1) and
summer. The HadGEM3-RA calculated a consistent
onset of the rainy season, but failed to simulate the
maximum and the withdrawal of the monsoon. In the
AUSMC, the models demonstrated the annual cycle
well, and only the YSU-RSM failed to exhibit the

peak of the summer rainfall (January−March), while
the HadGEM3-RA and the COSMO-CLM both over-
estimated the rainy season rainfall.

The MME was closer to the observed annual cycle
than the individual models. The RCMs performed
better in simulating the annual cycle in the SAS and
the AUSMC than in the EAS and the WNP.

3.4.  Inter-annual variability

The temporal statistics describing inter-annual
variability of the JJA and the DJF mean precipitation
averaged over the 4 sub-monsoon domains are shown
in Fig. 6 for the ERA-Interim, each of the RCM mem-
bers and the MME compared to the GPCP. For JJA,
the inter-annual variability of precipitation was less
prominent over the SAS. The ERA-Interim calculated
a low correlation coefficient (0.33) with the GPCP.
The majority of the RCMs failed to reproduce the
year-to-year variation in the precipitation with a rel-
atively low correlation coefficient. We note that the
RegCM4 showed a better performance in represent-
ing the inter-annual variation in rainfall, with a higher
correlation coefficient of 0.60 and medium normalised
standard deviations of 1.64. For the HadGEM3-RA,
we calculated the lowest correlation coefficient (0.11).
The GPCP and the ERA-Interim showed a strong cor-
respondence in the sign and magnitude of the inter-
annual variability in the EAS with a high correlation
coefficient of 0.81. The RCMs exhibited a lesser dis-
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Fig. 6. Temporal statistics describing inter-annual variability of the models in terms of the JJA and the DJF mean precipitation,
the multi-model ensemble mean (MME) and the ERA-Interim compared with the Global Precipitation Climatology Project
(GPCP) over the South Asian Summer Monsoon (red), the East Asian Summer Monsoon (green), the Western North Pacific 

Tropical Monsoon (orange) and the Australian-Maritime Continent Monsoon (blue). Datasets are described in Table 2
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crepancy to the observations, with a generally higher
correlation coefficient in the EAS compared to the
SAS. The HadGEM3-RA and the YSU-RSM had a
worse performance in capturing the inter-annual
variability compared to the other models. In the
WNP, the RCMs exhibited a wide spread (ranging
from 4 to 8 mm d−1) in simulating precipitation. The
models almost failed to show the inter-annual vari-
ability; especially in the 2000s, the RCMs showed dif-
ferent phases to the observations (not shown). The
best performance was shown in the RegCM4 (corre-
lation coefficient: 0.72). Compared to the GPCP, the
RCMs captured the sign and magnitude of the inter-
annual variability well. In the AUSMC, for the major-
ity of the RCMs, the correlation coefficient was above
0.76, while the correlation of the SNU-MM5 was
much higher (0.91).

As in the summer season, RCMs illustrated insuffi-
cient performance in representing the inter-annual
variability of winter precipitation over the SAS (Fig. 6;
cf. DJF). The RCMs exhibited good performance in
capturing year-to-year variation in winter precipita-
tion over the EAS, the WNP and the AUSMC, with
closer agreement of inter-annual rainfall variability
and a higher correlation coefficient compared to the
GPCP. The ERA-Interim showed a close correspon-
dence in reproducing the sign and magnitude of win-
ter precipitation to the GPCP over the 4 regions. The
SNU-MM5 exhibited the best performance in captur-
ing the inter-annual variability in winter precipitation
with a higher correlation coefficient (>0.80) and closer
year-to-year variation (~1.10) than the GPCP over the
4 sub-monsoon regions. We found that the YSU-RSM
significantly over-estimated the winter precipitation
(>2 mm d−1) compared to the observation in the SAS,
EAS and WNP. In addition, The YSU-RSM calculated
the lowest correlation co efficient compared to the
other 4 models, especially in the SAS.

In the summer and winter seasons, the MME
clearly improved the overall variability of most RCMs
in the 4 regions, with a smaller bias and higher corre-
lation coefficient, in the SAS (0.55 and 0.46), EAS
(0.84 and 0.91), WNP (0.91 and 0.92) and AUSMC
(0.88 and 0.86) for JJA and DJF, respectively. Note
that the MME showed a larger difference in winter
precipitation than the ERA-Interim and  several of the
RCMs in the SAS.

3.5.  Monsoon characteristics

Compared to the GPCP, the merged observation
(APHRODITE, CRU and GPCC; PCC: 0. 98, NRMSE:

0.21) had small negative biases (−1 mm d−1) of the
annual mean precipitation over western India and
central China, whereas small positive biases oc -
curred over the Himalayas (Fig. 7a; cf. Observation).
The MME was able to reproduce the observed spa-
tial distribution features of the annual mean precipi-
tation as well as the major tropical convergence
zones over the ocean and the main rainfall belts in
the extra-tropical Pacific. The differences between
the observations and the individual model simula-
tions show that the MME simulated wetter conditions
over the equatorial Indian Ocean, the Bay of Bengal,
the equatorial western Pacific and the southern
Himalayas, but a drier central Asia and Indian sub-
continent (Fig. 7a). Furthermore, over the tropics, the
HadGEM3-RA simulated more accurate precipita-
tion patterns, while the COSMO-CLM, the SNU-
MM5 and the YSU-RSM showed wetter conditions,
and the RegCM4 drier conditions (not shown). The
PCC of the individual models varied from 0.91 to
0.95, and the NRMSE varied from 0.66 to 1.19. Com-
pared to other RCMs, the HadGEM3-RA (SNU-MM5)
had a better (worse) performance (NRSME: 0.66
[1.19]) in reproducing spatio-temporal patterns of
annual mean precipitation. The MME was signifi-
cantly better than the individual models in simulating
annual mean precipitation with a PCC of 0.98 and an
NRMSE of 0.61 (Fig. 8).

The first annual cycle mode (AC1, summer−winter
asymmetric mode) is the difference in precipitation
between June−September (JJAS) and December−
March (DJFM), while the second annual cycle mode
(AC2, spring−fall asymmetric mode) is the difference
between April−May (AM) and October−November
(ON) (Wang & Ding 2008, Lee & Wang 2014). Com-
pared to the GPCP, the Observation represents the
first and the second annual cycle mode with a high
degree of accuracy. The MME tended to  over-
estimate the magnitude of the AC1 over the extra-
tropical Pacific Ocean and under-estimated it over
the East China Sea (Fig. 7b). The model simulations
can reproduce the observed AC1 realistically with
PCCs ranging from 0.71 to 0.83 and NRMSEs rang-
ing from 0.74 to 1.07, respectively (Fig. 8). However,
the SNU-MM5 simulated a stronger AC1 over both
the NWP and the EAS (not shown). At the same
time, the SNU-MM5 performed poorly (PCC: 0.71,
NRMSE: 0.99) in representing the AC1. Furthermore,
the model simulations had difficulties capturing the
AC2, as the model spread for this mode was much
larger. The PCCs varied from 0.72 to 0.81 and the
NRMSEs varied from 0.73 to 1.22, respectively
(Fig. 8). The MME performed well and showed the
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Fig. 7. Comparison of the precipitation climatology (1989−2008) between the Global Precipitation Climatology Project (GPCP),
the merged observation (APHRODITE, CRU, GPCC; datasets are described in Table 2) and the multi-model ensemble
mean (MME): (a) annual precipitation rate (mm d−1); (b) the first annual cycle mode (AC1, June−September minus Decem-
ber−March); (c) the second annual cycle mode (AC2, April−May minus October−November); and (d) monsoon precipitation
intensity (non-dimensional) and domain. The numbers in the bottom left-hand corners show the pattern correlation co-

efficient (PCC) between the observed and the simulated patterns (CORDEX-East Asia)
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AC1 and AC2 better than the individual models did,
and it was more effective for the AC1 than the AC2.
The MME’s PCC was 0.89 (0.86) and its NRMSE was
0.60 (0.73) for the AC1 (AC2), averaged over the
CORDEX East Asia region.

Wang et al. (2011) defined the monsoon precipita-
tion intensity (MPI) as the ratio of ‘summer minus
winter’ compared to annual total precipitation, and
the monsoon domain as the regions where the ‘sum-
mer minus winter’ precipitation exceeds 2.5 mm d−1

and the summer precipitation exceeds 55% of the
annual total. Compared to the GPCP, the Observa-
tion captured the MPI and monsoon domain over
land well, with a PCC of 0.98 and an NRMSE of 0.43.
The individual models showed good performance in
representing the MPI pattern, with PCCs ranging
from 0.74 to 0.93 and NRMSEs ranging from 0.55 to
1.02 (Fig. 8). The YSM-RSM had the worst perform-

ance in simulating the MPI, with the lowest PCC
(0.74) and NRMSE (1.02), and the MPI was signifi-
cantly under-estimated. The HadGEM3-RA showed
the best agreement in the MPI (PCC: 0.93, NRMSE:
0.55) and the monsoon domain compared to the
GPCP. The MME exhibited an eastern extension of
the WNP domain towards the middle Pacific and a
northern extension of the EAS domain towards east-
ern Siberia, while it failed to show the monsoon
domain over the East China Sea. Similar to the other
3 metrics, the MME improved the performance to
reproduce the MPI when compared to the individual
models with a higher PCC (0.94) and a lower NRMSE
(0.50).

4.  DISCUSSION AND SUMMARY

We presented a first evaluation of the precipitation
climatology based upon an ensemble of RCM simula-
tions performed within the CORDEX-EA project. In
this regard, 5 different RCMs, driven by the ERA-
Interim, were run at ~50 km horizontal resolution
over the period from 1989−2008. We examined the
performance of the individual models and the
ensemble mean in reproducing present-day inter-
annual variability, annual cycles and seasonal mean
precipitation as well as monsoon characteristics.
Gridded monthly precipitation datasets (i.e. the
GPCP and the ERA-Interim) were used as compari-
son data to evaluate the model performances.

The RCMs from the CORDEX-EA were able to
capture the pronounced extreme rainfall event
observed from 11−20 June 1998 (Fig. 2), which could
not be reproduced well in earlier RCM studies (e.g.
RMIP Asia; Fu et al. 2005). Models from RMIP Asia
tend to over-estimate precipitation at high latitudes
(Fu et al. 2005) and fail to reproduce the heavy rain-
fall belts along the Yangtze River valley, the East
China Sea and southern Japan. This difference in
performance might be due to a new RCM generation
(i.e. RegCM4) used for the CORDEX-EA with better
physical parameterization compared to the RCMs
(i.e. RegCM2) from RMIP Asia (Giorgi et al. 2012).
Furthermore, the SNU-MM5 also contributed to the
RMIP (named SNU RCM). The SNU-MM5 and the
SNU RCM have the same physical package, but a
different convection scheme, viz. Kain-Fritsch and
Grell, respectively. The SNU-MM5 showed a better
performance in capturing the extreme rainfall event
than the SNU RCM from RMIP. The Kain-Fritsch
convection scheme is able to better capture the ex -
treme rainfall than the Grell in SNU-MM5/SNU RCM.
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Fig. 8. Performance of the regional climate models and their
multi-model ensemble means (MMEs) on precipitation cli-
matology (1989−2008): the annual mean precipitation (or-
ange), the first annual cycle mode (June−September minus
December−March; green), the second annual cycle mode
(April−May minus October−November; red), and the
 monsoon precipitation intensity (the ratio of ‘summer minus
winter’ to annual total precipitation; blue). The abscissa and
ordinates are pattern correlation coefficient (PCC) and
 domain-averaged root mean square error normalised by
the observed spatial standard deviation (NRMSE), respec-
tively. The observed precipitation data are from the Global
Precipitation Climatology Project. Datasets are described in 

Table 2
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In general, most of the CORDEX-EA RCMs cap-
tured the main features of the seasonal mean rainfall
patterns (Figs. 3 & 4), the annual cycles (Fig. 5) and
the inter-annual variability (Fig. 6). However, we
found significant biases in the individual models
depending on both the region and the season. In the
summer season, the RCMs tended to over-estimate
precipitation over the Tibetan Plateau, with the
exception of the YSU-RSM, which simulated a drier
Tibetan Plateau. All RCMs simulated a significantly
drier Indian sub-continent (>3 mm d−1; Fig. 3). For
the winter season, the RCMs had a tendency to re -
produce a wetter continent. The HadGEM3-RA and
the RegCM4 captured precipitation well, while the
COSMO-CLM, SNU-MM5 and YSU-RSM were too
wet (>4 mm d−1) in the tropics (Fig. 4). The RCMs
simulated the annual cycle better in the SAS and the
AUSMC than in the EAS or the WNP (with less differ-
ence from the observation), especially in the summer
season (Fig. 5). Furthermore, the models showed the
inter-annual variability in precipitation better in the
EAS and the AUSMC than in the SAS and the WNP
(Fig. 6). The MME generally out-performed many of
the individual models, with biases of similar mag -
nitude compared to observational datasets. Similar
to earlier findings in multi-model studies (Paeth et
al. 2011, Nikulin et al. 2012, Gbobaniyi et al. 2014),
the good performance is mostly influenced by the
 elimination of the opposite-signed biases among the
models, e.g. in south China and the Tibetan Plateau.

Compared to the GPCP, all the other observations
showed a drier Indian sub-continent and western
Indo-China peninsula, and wetter southern slopes of
the Hi malayas. The possible reason is that the other
station based observations have a finer resolution
than the GPCP, allowing the capture of local precipi-
tation. Furthermore, the significant bias over the
south Himalayas and the Kunlun Mountains is likely
a result of the low density of meteorological stations
(Yatagai et al. 2009, Wu et al. 2011). Therefore, the
bias of the RCMs over small-scale regions is not
accurate due to the coarse resolution of the observa-
tions (Stephens et al. 2012). In addition, the models
substantially differed in simulating monsoon precipi-
tation, indicating that the internal dynamics and
physics play an essential role in the RCM perform-
ance. The RegCM4 and the SNU-MM5 showed the
same pattern in precipitation bias over the continent
because they used the same land surface scheme and
a similar radiation scheme. However, the RegCM4
and the SNU-MM5 presented a different bias pattern
over the ocean (Fig. 3). We conclude that the convec-
tion scheme plays an important role in simulating

monsoon precipitation, especially over the ocean,
which coincides with the findings of Sylla et al.
(2011). Furthermore, the RegCM4 and the SNU-
MM5 have the same dynamic core, but the RegCM4
(SNU-MM5) adapts hydrostatic (non-hydrostatic)
primitive equations (Lee et al. 2004, Giorgi et al.
2012). Additionally, the RegCM4 showed better per-
formance in capturing short- to long-term temporal
scales of precipitation than the SNU-MM5. The non-
hydrostatic model did not outperform the hydrostatic
model. It is worth mentioning that HadGEM3-RA
does not implement the spectral nudg ing technique,
while the other 4 models do. The HadGEM3-RA
exhibited an acceptable performance in capturing
the pattern and the annual cycle of precipitation, but
a worse performance than the other 4 RCMs in repre-
senting the inter-annual variability in precipitation.

The COSMO-CLM and the SNU-MM5 had a sig-
nificant positive bias over the extra-tropical Pacific
(10−20° N, 120−165° E), but the COSMO-CLM under-
estimated the summer precipitation over south China
while the SNU-MM5 over-estimated it. Hence, the
COSMO-CLM and the SNU-MM5 illustrated a com-
pelling discrepancy in the annual cycle over the EAS
and the WNP. Moreover, the HadGEM3-RA failed to
capture the annual cycle in the WNP (Fig. 5) due to
the significant under-estimate of precipitation over
the South China Sea (Fig. 3). In SAS, the RCMs
showed large discrepancies among one another in
simulating seasonal rainfall on an inter-annual time
scale because the uncoupled RCMs could not cap-
ture the large-scale ocean oscillation (Jiang et al.
2013). In addition, the El Niño-Southern Oscillation
(ENSO) provides the most systematic forcing of inter-
annual variability for the Asian monsoon system
(Wang et al. 2000, Wang 2006, Annamalai et al.
2007). RCMs exhibited different performance in de -
scribing the year-to-year variation in the 4 sub-mon-
soon regions. In East Asia, the RCMs may have the
ability to capture the Pacific−East Asian teleconnec-
tion, which is a mechanism that links central Pacific
sea surface temperature anomalies with East Asian
climate variations (Wang et al. 2000). However, the
RCMs showed the worst performance in capturing
the inter-annual variability in South Asia because
most of the climate models could not represent
the correlation between observed precipitation and
ENSO (Annamalai et al. 2007). Therefore, the coupled
RCM will be a helpful approach in future regional
dynamic downscaling.

For the monsoon characteristics, the RCMs showed
a close correspondence to the observations (Figs. 7
& 8). The monsoon is characterised by an annual
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reversal of the low-level winds and well-defined dry
and wet seasons (Wang & Ding 2008), the variability
of which is of great importance for simulating future
 climate impacts (Wang 2006, Colman et al. 2011,
Turner & Annamalai 2012). The metric of annual
mean precipitation, the AC1 and the AC2 are the
basis for MPI and the monsoon domain. The accuracy
of the MPI and the monsoon domain indicate the
model performance in capturing the intra-seasonal
rainfall variations. The MPI strongly depends on the
difference in precipitation between the rainy and dry
season. YSU-RSM showed insufficient skill in captur-
ing the annual cycle, especially in the winter season
over the SAS, the EAS and the WNP (Fig. 5). Hence,
YSU-RSM showed the worst capacity to  represent
the AC1 and MPI (Fig. 8). Furthermore, the IPCC
Fifth Assessment Report (AR5) indicated that multi-
model ensemble means from Coupled Model Inter-
comparison Project phase 5 (CMIP5) almost failed to
capture the MPI and the domain over the Western
NorthPacific-EastAsiamonsoondomain,whileitsper-
formance was improved when compared to CMIP3
(Flato et al. 2013). The RCMs better captured the
 monsoon characteristics over the Korean Peninsula,
the Korea Strait and southern Japan than the CMIP5
models. High-resolution RCMs are able to show the
topography and coastlines, resulting in a more ad -
vanced simulation of MPI and monsoon domain com-
pared to the CMIP5 simulations.
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