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Abstract

Five regional climate models (RCMs)—CCLM, RegCM, HadGEM3-RA,

SNURCM and WRF—participating in the Coordinated Regional Climate Down-

scaling Experiment-East Asia (CORDEX-EA) Phase 2 project are evaluated for

their ability to simulate spatiotemporal variability in Asian summer precipitation.

For this purpose, two dynamical downscaling sets, experiments forced by ERA-

Interim reanalysis data (reproduction experiment) and historical data from three

Coupled Model Intercomparison Project 5 (CMIP5) general circulation models

(GCMs) (historical experiment) are analysed. The horizontal resolution of the

downscaled results is 25 km, and the analysis period is from 1981 to 2005

(25 years). The RCMs show reasonable performance in simulating the spatial and

temporal characteristics of summer precipitation in CORDEX-EA Phase 2 domain.

To assess spatiotemporal patterns in Asian precipitation, cyclostationary empirical

orthogonal function (CSEOF) analysis is used. In the first mode representing sea-

sonal variations, the model ensemble results of both the reproduction experiment

(Rep_ENS) and the historical experiment (His_ENS) simulate the peak times,

location of precipitation and progression of the monsoons in Asia reasonably.

Their features are greatly influenced by the moisture flux, indicating that the rela-

tion between precipitation and 850 hPa moisture flux is depicted well by RCM

ensembles. In the second mode, which represents intraseasonal variations, the

Rep_ENS depicts the western North Pacific summer monsoon break (WNPSM

break) phenomenon similar to the observation. Although the His_ENS simulates

the WNPSM break later than the observation, it does present the intraseasonal

variation in the East Asian summer monsoon region. Based on these results, the

five RCM ensemble results show the ability to capture spatiotemporal characteris-

tics of summer precipitation in CORDEX-EA Phase 2 domain, as well as added

value from dynamical downscaling.
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1 | INTRODUCTION

Prediction ability for future climate change is determined
by our understanding of current climate and climate
modelling skills (Marsh et al., 2007). Numerous climate
models have been developed and improved over the past
few decades to analyse and predict atmospheric phenom-
ena. The general circulation model (GCM), which simu-
lates global climate, has helped us to respond to climate
change by describing large-scale climate processes and
making future projection possible (Huth et al., 2000;
Wilby & Wigley, 2000; Yan et al., 2013). However, the
coarse resolution used for the GCM makes it difficult to
simulate regional-scale climates in detail (Ashfaq
et al., 2010; Im et al., 2016). Hence, the regional climate
model (RCM) has frequently been used in recent years to
overcome the GCM's shortcomings and to adequately
address regional characteristics of climate for a limited
domain. Many studies have illustrated how RCMs enable
simulations of local climatic events in any area by using
high-resolution grids and appropriate physical para-
meterization (Afrizal & Surussavadee, 2018; da Rocha
et al., 2009; Wang et al., 2014).

Recently, RCMs have been used to dynamically down-
scale GCM data under the Coordinated Regional Climate
Downscaling Experiment (CORDEX). CORDEX is an inter-
national project producing fine-resolution climate datasets
by using RCMs for 14 designated regions around the world
(e.g., EURO-CORDEX, Med-CORDEX, CORDEX-EA and
CORDEX-Africa). Numerous studies have presented vari-
ous characteristics of current and future regional climate
through this project (Ashfaq et al., 2020; Bart�ok et al., 2017;
Li et al., 2018b; Mariotti et al., 2014; Ruti et al., 2016). Since
different RCM experiments are designed under the COR-
DEX framework, CORDEX data enable a multimodel
ensemble (MME) approach. In RCM MME experiments,
several ensemble combinations are possible (e.g., one
GCM–multi-RCM, multi-GCM–one RCM and multi-GCM–
multi-RCM). Different dynamic and physical schemes used
in each RCM as well as various forcing data contribute to
large spreads in the MME results. MME gives us a signifi-
cant climate signal despite uncertainties, and better ensem-
ble combinations and optimal ensemble methods for the
signals are still under debate (Déqué et al., 2007; Xue
et al., 2014). However, MMEs have demonstrated better per-
formance than individual models, enhancing the reliability
of future climate projections (Diallo et al., 2012; Herrera
et al., 2010; Im et al., 2016; IPCC, 2013). Regarding the COR-
DEX project, previous studies analysed the regional climate
in different parts of the world by using multimodel

ensembles of the CORDEX data (Berg et al., 2019;
Dosio, 2016; Fantini et al., 2018; Tangang et al., 2020). For
example, Berg et al. (2019) analysed subdaily extreme pre-
cipitation in several European countries during the summer
using a EURO-CORDEX data ensemble. Tangang et al.
(2020) examined multi-GCM and multi-RCM ensemble per-
formance for simulating current precipitation and projected
future rainfall changes over Southeast Asia. These studies
led to a better understanding of local climate phenomena
using CORDEX MME data. Along this line, CORDEX-East
Asia (CORDEX-EA) ensemble data produced by multiple
GCMs–multiple RCMs chains are utilized in this study for
evaluation of the summer monsoon in terms of
precipitation.

Several studies simulated the historical and future cli-
mate for the CORDEX-EA Phase 1 domain based on RCP
scenarios using multi-RCMs and analysed in several stud-
ies (Gu et al., 2018; Huang et al., 2015; Jin et al., 2016;
Kim et al., 2021; Lee et al., 2019; Li et al., 2018a; Oh
et al., 2013; Park et al., 2013; Park & Min, 2019; Zou
et al., 2016). The RCM performance and projecting future
climate change were evaluated by downscaling reanalysis
data (ERA-Interim and NCEP/DOE2) and the Coupled
Model Intercomparison Project 5 (CMIP5) GCM data
under CORDEX-EA Phase 1 project. Oh et al. (2013)
examined influences of different boundary conditions on
extreme climate using RegCM, and Kim et al. (2021) pro-
jected mean and extreme precipitation changes with a
multimodel ensemble. Recently, CORDEX-EA Phase
2 experiments were conducted with a 25-km spatial reso-
lution to produce a more detailed Asian climate simula-
tion than from the Phase 1 experiment domain with a
50 km resolution (Jo et al., 2019; Lee et al., 2020; Wang
et al., 2021; Yu et al., 2020; Zou & Zhou, 2022). Research
assessing the RCM performance, correcting for system-
atic errors and projecting regional climate change for the
new domain is still underway.

Atmospheric phenomena with various temporal and
spatial scales can be identified by analysing regional cli-
mate model simulations (Kim et al., 2021). The most dis-
tinguishing phenomenon in this region is the Asian
summer monsoon (ASM). The ASM involves complicated
dynamic and thermodynamic processes that include
interaction and feedback among various climate factors,
such as atmospheric and oceanic circulations and land–
sea contrast (Fu & Zeng, 1997; Liu et al., 2015; Tang
et al., 2017). Variations in the ASM related to climate
change can have a huge impact on socio-economic sectors,
because it significantly influences activities in the habitats
of the region and, in some cases, brings severe economic
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and human loss (Li et al., 2019). Hence, several regional
climate model experiments have been conducted for ade-
quate understanding and prediction of the ASM, especially
in terms of precipitation (Bhaskaran et al., 1996; Gao
et al., 2008; Kang & Hong, 2008; Lee & Suh, 2000; Li
et al., 2016). Kang and Hong (2008) showed the effect on
the East Asian summer monsoon (EASM) simulation ability
from using four different cumulus parameterization schemes
in an RCM. They showed that an RCM has the ability to
reproduce precipitation patterns that are not represented by
the GCM and showed that it is a suitable tool for simulating
local climate features in Asia characterized by complex
topography (Gao et al., 2008; Liu et al., 1994).

In this study, we evaluate the performance of five
RCMs simulating spatiotemporal characteristics of sum-
mer precipitation over the CORDEX-East Asia Phase
2 domain. Multi-RCMs are forced by multi-GCMs: ERA-
Interim reanalysis and CMIP5 data. This study focuses
on three major ASM regions (Northeast Asia, India and
the western North Pacific) where complicated precipita-
tion characteristics and distinct life cycles appear. The
summer monsoon in Northeast Asia can be described as
a meridional advance of a stagnant rainy front called
Changma in Korea, Meiyu in China, Baiu in Japan or the
BCM front (Chu et al., 2012; Hong & Ahn, 2015; Noh
et al., 2020; Park et al., 2020). The interannual variability
of the western North Pacific subtropical high plays a cru-
cial role in the movement of EASM rainfall (Chang
et al., 2000; Lee et al., 2013; Lu, 2001). The EASM has a
negative correlation with the western North Pacific sum-
mer monsoon (WNPSM) (Kwon et al., 2005; Wang
et al., 2001), which is described as a monsoon trough ori-
ented northwest-to-southeast and dominantly affected by
sea surface temperature (Li & Wang, 2005; Murakami &
Matsumoto, 1994). It is well known that the WNPSM has
various timescales, ranging from intraseasonal to interde-
cadal, where its interannual variability is closely related
to the ENSO, and intraseasonal variability of the WNPSM
regulates the locations of tropical cyclone genesis (Li &
Wang, 2005; Wang et al., 2001). For the Indian summer
monsoon (ISM), rainfall-producing mechanisms are
explained by a northward propagating 30–60 days of
intraseasonal oscillation and a westward propagating 10–
20 days of intraseasonal oscillation (Ding & Wang, 2007;
Suhas & Goswami, 2008). In addition, ISM rainfall is
characterized separately in several different subregions
(Cash et al., 2015; Dash et al., 2009). Since the ASM has
multiple temporal and spatial variability spectrums as it
interacts with various climate patterns (Ding, 2007; Ha
et al., 2012; Hrudya et al., 2020), understanding ASM
rainfall variability is crucially important when studying
climate variability and changes in the region.

In order to analyse an RCM's ability to simulate
spatiotemporal monsoon precipitation patterns, the

cyclostationary empirical orthogonal function (CSEOF)
method is utilized (Kim et al., 1996). The CSEOF is one
of the statistical methods decomposing a dataset into a
distinct spatiotemporal progress mode. Most climate vari-
ables evolve in time and space following their own inter-
nal cycles. Therefore, the CSEOF can be a proper tool to
extract the physical evolution of weather events, whereas
empirical orthogonal function (EOF) analysis presents a
time-independent spatial pattern (Hamlington et al., 2014;
Kim & Kim, 2004). Annamalai and Sperber (2005) analysed
boreal summer intraseasonal variability with the CSEOF
method and presented the connections among the compo-
nents of summer intraseasonal variability. Lim et al. (2002)
analysed the space–time evolution of the observed ASM
and the associated synoptic fields using a CSEOF tech-
nique. The CSEOF also can be a useful method to find out
the capability of a numerical model in simulating climate
variability (Bergant et al., 2007; Hong & Ahn, 2015; Im
et al., 2007; Shin et al., 2010). The aim of this study is to
evaluate RCM performance in terms of both temporal and
spatial characteristics of ASM precipitation over the whole
CORDEX-EA Phase 2 domain using the CSEOF method
utilizing multi-GCM–multi-RCMmatrix chains.

This paper is structured as follows. Model descrip-
tions and setups, observation data and methods are
described in section 2. Evaluation of the results from
individual models and the RCM MME with respect to the
spatiotemporal characteristics of precipitation are shown
in section 3. Improvements to the RCM, compared to the
GCM, for simulating precipitation are also explained.
The summary and conclusion are in section 4.

2 | DATA AND METHODS

2.1 | Model description and observation

Five regional climate models (CCLM, RegCM, HadGEM3-
RA, SNURCM and WRF) are employed in this study to
simulate the Asian summer climate. Among them, RegCM
is a hydrostatic model, and the others are nonhydrostatic
models. Simulations are conducted under the CORDEX-EA
Phase 2 domain with the 25-km horizontal resolution
(Figure 1). This domain covers the Asian-Pacific summer
monsoon regions and 85% of tropical cyclone activity over
the western North Pacific (Lee et al., 2020). Different physi-
cal parameterization schemes utilized for each RCM and
detailed model configuration are provided in Table 1. For
the reproduction experiment, all five RCMs are forced by
ERA-Interim reanalysis data with 0.75� × 0.75� horizontal
resolution from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Simmons et al., 2007) for the
lateral boundary condition (LBC). A simple composite
method that gives the same weight to all model data is used
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for RCM MMEs, and the ensemble results of the reproduc-
tion experiment are denoted Rep_ENS.

The historical experiment is conducted using a combi-
nation of three GCMs from CMIP5 and five RCMs that
have the same configuration as the RCMs used in the
reproduction experiment. Each RCM conducts two his-
torical scenario experiments with different boundary con-
dition data. Overall, the historical experiment consists of
10 model results with two GCM boundary conditions per
RCM. The three CMIP5 GCMs used in this study include
the Hadley Centre Global Environmental Model version
2—Atmosphere and Ocean (HadGEM2-AO), which has a
1.25� (lat) × 1.875� (lon) horizontal resolution and 38 ver-
tical layers (Baek et al., 2013). CCLM, HadGEM3-RA,
SNURCM and RegCM use HadGEM2-AO as the LBC.
Also used is the Max Planck Institute Earth System
Model, Low Resolution (MPI-ESM-LR) GCM, which has
a 1.9� × 1.9� horizontal resolution and 47 vertical layers
(Giorgetta et al., 2013). CCLM, HadGEM3-RA, SNURCM
and WRF use the MPI-ESM-LR GCM. Third is the Geo-
physical Fluid Dynamics Laboratory Earth System
Model, version 2M (GFDL-ESM2M) (Dunne et al., 2012)
with a 2.0� (lat) × 2.5� (lon) resolution as the LBC for
RegCM and WRF. We average 10 historical experiment
sets of data using an MME method, denoting the results
as His_ENS. The reproduction experiment conducts
modelling experiment from 1979 to 2015, while the his-
torical experiment conducts modelling experiment from
1979 to 2005. To match the same periods, an analysis is
done for the 1981–2005 period (25 years), while the
1979–1980 period is regarded as spin-up time.

Assuming that ERA-Interim data are “perfect,” the
data are used as observation for model verification. That

enables to estimate of systematic error in the reproduc-
tion experiment results and examine of performance
from the historical experiment. In addition to ERA-
Interim, various types of precipitation observation data
are utilized, such as Asian Precipitation-Highly Resolved
Observational Data Integration Towards Evaluation of
the Water Resources (APHRODITE) (Yatagai
et al., 2012), Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA2) (Gelaro
et al., 2017) and Climatic Research Unit (CRU) (Harris
et al., 2014). Data interpolation is conducted for compari-
son with the observation and consistency of results in the
CSEOF analysis. The high-resolution RCM data are inter-
polated bilinearly into the ERA-Interim grid to prevent
distortion of the coarse-resolution validation data
(Hong & Kanamitsu, 2014; Merino et al., 2021; Prein &
Gobiet, 2017). According to Torma et al. (2015) and Qiu
et al. (2020), the added values of RCM remain and are
not significantly degraded in the upscaled grid when the
interpolation is used.

We defined three summer monsoon areas in Asia
(Wang & Ho, 2002) to analyse regional monsoons in terms
of precipitation (Figure 1). Although the whole target region
is the CORDEX-East Asia Phase 2 domain, the region is
divided into three monsoon areas: ISM, EASM and WNPSM
regions where the respective Indian, East Asian and western
North Pacific summer monsoons appear.

2.2 | The performance index

A performance index (PI) is employed as an objective
value to determine agreement between models and obser-
vations (Baek et al., 2013; Reichler & Kim, 2008). The PI
is a relative index that assesses how good the model per-
formance is compared to the average performance. First,
normalized error variance (E2) is obtained by subtracting
the observed value from a single-model value, dividing it
by the standard deviation of the observation for each
grid, then squaring it, and averaging all grid points,

E2=
XN
n=1

wn
sn−on
σn,o

� �2

N=number of grid pointsð Þ, ð1Þ

where sn and on represent the climatology for the grid
points of models and observations, wn denotes proper
weights needed for area averaging and σn,o denotes the
standard deviation over time from the observations.

Then, the PI (I2) is calculated by dividing E2
r into the

averaged E2
a for all RCMs and averaging for all the vari-

ables, where E2
r and E2

a represent E2 for the specific
region and the entire domain, respectively,

FIGURE 1 Topography (unit: m) of the CORDEX-East Asia

Phase 2 domain [Colour figure can be viewed at

wileyonlinelibrary.com]
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v

, ð2Þ

where K is the number of RCM and L is the number of
variables.

Therefore, the PI means the error in the specific
model normalized by averaging the errors for all models
for all domains. The lower I2 is preferred, and an index
lower than 1.0 means the model performs relatively
better than average (Baek et al., 2013). In this study,
17 variables are used to calculate the PI, and specific
variables—surface temperature (ts), surface upward
latent heat flux (hfls), surface downwelling shortwave
radiation (rsds) and near-surface wind speed (sfcWind)—
which four out of five RCMs have, are included in the
calculation (Table 2).

2.3 | Cyclostationary empirical
orthogonal function

The cyclostationary empirical orthogonal function is
a useful technique for extracting time-dependent spatial

modes of physical phenomena (Kim et al., 1996; Kim
et al., 2018; Kim & North, 1997; Lim & Kim, 2007). Cli-
mate data (M r, tð Þ) in the CSEOF are expressed as
follows:

M r, tð Þ=
X
n=1

Bn r, tð ÞTn tð Þ, ð3Þ

where Bn r, tð Þ is the cyclostationary loading vector
(CSLV) for the nth mode, which is a function of time (t)
and space (r), and Tn tð Þ represents the principal compo-
nent (PC) time series of the nth mode. In CSEOF analy-
sis, CSLVs are periodic in time,

Bn r, tð Þ=Bn r, t+dð Þ, ð4Þ

where d is the nested period and number of d CSLVs
for each mode is produced through CSEOF analysis. In
this study, CSEOF is applied to 5-day mean (pentad
mean) precipitation data from 11 May to 7 September,
and the nested period is set to 24 (t = 600, d = 24).
Then, the CSEOF loading vector describes temporal
evolution of spatial patterns in the summer and the
PC time series represents long-term variations in
amplitude.

TABLE 1 Regional climate model configurations

Model CCLM HadGEM3-RA RegCM SNURCM WRF

Domain CORDEX-East Asia Phase 2 (25 km)

Analysis period 1981–2005 (25 years)

LBC for
reproduction
experiment

ERA-Interim

LBC for historical
experiment

HadGEM2-AO
MPI-ESM-LR

HadGEM2-AO
MPI-ESM-LR

HadGEM2-AO
GFDL-ESM2M

HadGEM2-AO
MPI-ESM-LR

MPI-ESM-LR
GFDL-ESM2M

Vertical layers 40 hybrid 63 eta 23 sigma 24 sigma 30 eta

Cumulus Tiedtke
(Tiedtke, 1989)

Revised mass flux
(Grant &
Brown, 1999;
Gregory &
Rowntree, 1990)

MIT-Emanuel
(Emanuel, 1991)

Kain-Fritch
(Kain, 2004)

Betts-Miller-Janjic
(Betts &
Miller, 1986;
Janji�c, 1994)

Microphysics Extended DM
(Seifert &
Beheng, 2001)

Single moment bulk
(Wilson &
Ballard, 1999)

SUBEX (Pal
et al., 2000)

Reisner2 (Reisner
et al., 1998)

WSM3 (Hong
et al., 2004)

Radiation Ritter and Geleyn
(Ritter &
Geleyn, 1992)

General2 (Cusack
et al., 1999;
Edwards &
Slingo, 1996)

NCAR CCM3
(Kiehl
et al., 1996)

CCM2 package
(Briegleb, 1992)

CAM (Collins
et al., 2002)

Land surface TERRA ML
(Schrodin &
Heise, 2002)

JULES (Best
et al., 2011)

NCAR CLM3.5
(Oleson
et al., 2008)

NCAR CLM3
(Bonan
et al., 2002)

NOAH-LSM (Chen
& Dudhia, 2001)

3714 SEO ET AL.
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CSLV is defined as a solution of the Karhunen–Loève
equation (Loève, 1978):

C r, t;r0, t0ð ÞBn r0, t0ð Þ=λnBn r0, t0ð Þ, ð5Þ

where C r, t;r0, t0ð Þ is a covariance function of the data and

λn is an eigenvalue. Thus, variance in nth mode is λnP
i=1

λi
.

The CSEOF analysis is conducted for precipitation and
moisture flux at 850 hPa over the CORDEX-EA Phase
2 region. However, two sets of the CSEOF computed for
two variables independently may not be consistent with
each other (Lim & Kim, 2007). Therefore, regression is car-
ried out to identify physically consistent modes among dif-
ferent variables (Hamlington et al., 2012; Kim et al., 2019;
Lim & Kim, 2007). In this study, 850 hPa moisture flux is
regressed to precipitation to show moisture flux at 850 hPa
relevant to precipitation in the summer period. First, the
PC time series of the first few significant modes of a pre-
dictor (moisture flux at 850 hPa) are regressed to a PC
time series of the target variable (precipitation),

PCTpr,n tð Þ=
X
i

αiPCTqv,i tð Þ+ε tð Þ, ð6Þ

where PCTpr,n and PCTqv,i are the PC time series of the
nth mode for precipitation and the ith mode for moisture
flux at 850 hPa, and αi represents regression coefficients
for each mode. We use the first 20 PC time series for
moisture flux at 850 hPa and regress them to CSEOF
modes 1 and 2 for precipitation, respectively. As a result,

the coefficient of determination (R2) for mode 1 precipita-
tion is 0.943, 0.973, 0.913 for zonal moisture flux, and
0.929, 0.973, 0.913 for meridional moisture flux in ERA-
Interim, Rep_ENS and His_ENS, respectively. For mode
2, both zonal and meridional moisture flux are greater
than 0.99 in all three data, so all variables show a close
regression fit with each precipitation mode. Next, using
the regression coefficients, the regressed CSLV for mois-
ture flux can be written as

RCSLVqv,n r, tð Þ=
X
i

αiCSLVqv,i r, tð Þ, ð7Þ

where CSLVqv,i r, tð Þ is the ith mode of the CSLV for mois-
ture flux at 850hPa and RCSLVqv,n r, tð Þ is the CSLV fit to
the nth mode of the target variable through regression.
Now, we can say that CSLVpr,n r, tð Þ and RCSLVqv,n r, tð Þ
are physically and dynamically consistent with each other.

3 | RESULTS

The climatology of precipitation as derived from model
results and observations is analysed to evaluate the skill
of RCMs in simulating spatial characteristics of Asian
summer precipitation. Figure 2 presents the spatial distri-
butions of summer (May–September; MJJAS) mean pre-
cipitation and the bias obtained from reproduction
experiments. For ERA-Interim, regions of heavy precipi-
tation are distributed over latitudes below 30�N
(Figure 2a). When compared to other observation data,

TABLE 2 List of variables used for

the performance index
CCLM HadGEM3-RA RegCM SNURCM WRF

tas o o o o o

tasmax o o o o o

tasmin o o o o o

pr o o o o o

psl o o o o o

hus850 o o o o o

ta850 o o o o o

ua850 o o o o o

va850 o o o o o

zg500 o o o o o

ta200 o o o o o

ua200 o o o o o

va200 o o o o o

ts – o o o o

hfls o o – o o

rsds o o – o o

sfcWind o o – o o
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the large differences appear in that region indicating
uncertainty in precipitation (Figure S1f–h). The mean
precipitation distribution in Rep_ENS (Figure 2b) is simi-
lar to ERA-Interim. Rep_ENS simulates quite well the
precipitation of more than 6 mm�day−1 over the land area
below 30�N, and precipitation distribution over the
Korean Peninsula and eastern China where the EASM
occurs. As a result, spatial distribution of Rep_ENS shows
small systematic error in most of the region (Figure 2c).
However, Rep_ENS result overestimates precipitation in
the Himalayas, southwestern China, the Korean Penin-
sula and Japan, and the similar results are also shown
when compared with other observations (Figure S1i–l).
Looking at the precipitation bias distribution of every sin-
gle RCM, their patterns are somewhat different from
each other because of the different dynamical processes
and physical parameterizations in each RCM. However,
all models show noticeable wet bias near the Himalayas
(Figure 2c–h). This wet bias is one of the common prob-
lems in RCM simulations, for example, MM5 model,
which is the original version of the SNURCM (Ratnam &
Kumar, 2005), RegCM (Dash et al., 2006) and others
(Janes et al., 2019; Saeed et al., 2009). One possible reason

is the excessive convergence in RCM simulation along the
steep southern slopes of the Himalayas (Karmacharya
et al., 2017). Both SNURCM and WRF show wet bias in
most of the land areas, especially the region affected by
the ASM (India, eastern China, the Korean Peninsula and
Japan). On the other hand, CCLM and RegCM present dry
bias over eastern China. HadGEM3-RA results show bias
of less than 1 mm�day−1 in most of the land areas except
the Himalayas (Indochina Peninsula), where wet (dry)
bias is shown. RCMs for reproduction experiments simu-
late summer precipitation reasonably well overall, and in
particular, Rep_ENS shows better performance than any
other single RCM.

Systematic error of other variables in the summer
period derived from individual RCMs and Rep_ENS are
estimated using a PI (Figure 3). Most RCMs show rela-
tively good simulation performance in Northern Asia
(NAS), the Korean Peninsula (KOR), Japan (JPN), South-
eastern Asia (SEA) and the Pacific Ocean region (NP, TP)
by having PIs lower than 1.0. However, the results are
different for each model in the east China (ECH), India
(SAS) and the tropical Indian Ocean (TI) region and all
five RCMs show a limited capability over the Tibet

FIGURE 2 Spatial distributions of summer (MJJAS) mean precipitation (unit: mm�day−1) derived from (a) ERA-Interim, (b) the

reproduction experiment RCM ensemble (Rep_ENS) and the differences between (c) Rep_ENS and ERA-Interim and (d–h) individual RCMs

and ERA-Interim. Right upper text of each figure denotes the area-averaged (a–b) precipitation and (c–h) RMSE [Colour figure can be

viewed at wileyonlinelibrary.com]
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Plateau (TIB). Rep_ENS presents remarkable performance
in most of the regions (Figure 3a). The PI is less than 1.0
in all areas except for TIB, and its improvement stands out
compared to single RCMs. In simulating the ASM for sum-
mer monsoon regions (EASM, ISM and WNPSM) as
defined in Figure 1, the results of the regional climate
model ensemble are shown to be most appropriate.

Figure 4 illustrates spatial patterns of summer mean
precipitation and the bias for the historical experiment.
Overall, ensemble of RCM historical experiment
(His_ENS; Figure 4c) represents spatial characteristics of
precipitation in more detail, compared to the CMIP5
GCM ensemble (CMIP5 GCM_ENS), an ensemble of
three GCMs forcing data (Figure 4b). His_ENS can cap-
ture observed precipitation distributions in areas with
major mountain ranges (e.g., the Tibet Plateau, the
Himalaya Mountains and mountains on the Indochina
Peninsula). In particular, precipitation of more than
6 mm�day−1 for the northeastern region of India, which
is not simulated in the CMIP5 GCM_ENS, is well cap-
tured in His_ENS, indicating added value based on use of
RCM. The advantage obtained using the RCM is due
mainly to its ability to resolve complex topography and
coastlines (Feser et al., 2011; Giorgi, 2006; Torma
et al., 2015). Compared to the CMIP5 GCM_ENS, bias
diminishes in His_ENS over the Korean Peninsula and
western part of the Indochina Peninsula (Figure 4e,f).
The mean RMSE of His_ENS is lower than CMIP5
GCM_ENS for the land area (His_ENS: 1.62, CMIP5

GCM_ENS: 1.70), but the opposite result is observed for
the entire domain due to an overestimation of precipita-
tion in the western North Pacific. The southwest-to-
northeast-oriented wet bias below Japan appears in
CMIP5 GCM_ENS and His_ENS, indicating the influ-
ences of forcing data. The overestimated precipitation
between 10�N and 20�N in the western North Pacific is
also shown in other RCM simulation results (Kim
et al., 2021; Oh et al., 2014). Since the RCM is the atmo-
spheric climate model without ocean coupling, a limita-
tion of representing air–sea interaction might lead to the
wet bias in the ocean.

Most of the individual RCMs generally show wet bias
(dry bias for RegCM) and larger RMSE than His_ENS,
indicating advantage of RCM ensemble (Figure S2).
Three RCMs (CCLM, HadGEM3-RA and RegCM) tend to
underestimate summer precipitation on the Indochina
Peninsula, in eastern China and on the Korean Penin-
sula. In experiments in which HadGEM2-AO (HG2)
results are downscaled, dry bias is shown in most of the
India and Indochina Peninsula regions (Figure S2a–d).
For MPI-ESM-LR (MPI) and GFDL-ESM2M (GFDL) forc-
ing experiment results (Figure S2e–j), wet (dry) are
shown in southern India and the Japan (Tibet Plateau).

To evaluate the performance of individual RCMs and
their ensembles when simulating spatial distributions of
summer precipitation in terms of EASM, ISM and
WNPSM in CORDEX-EA Phase 2 domain based on sub-
divided regions, Taylor diagrams are used (Taylor, 2001)

FIGURE 3 Performance index over CORDEX-East Asia Phase 2 domain in summer (MJJAS) derived from (a) the reproduction

experiment RCM ensemble and (b–f) each of the five RCMs [Colour figure can be viewed at wileyonlinelibrary.com]
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(Figure 5). Spatial standard deviation (the radius), spatial
pattern correlation coefficient (PCC) (cosine of the angle)
and root-mean-square error (RMSE) (semicircle with a
dashed/single-dotted line) from the RCM results are
shown. In the figure, the closer the model result is to the
Ref point (the blue dot), the better the model performance
in the region. All individual model results show high spa-
tial correlation coefficients above 0.75 for the entire
CORDEX-EA Phase 2 domain (Figure 5a). The Rep_ENS
and His_ENS show higher PCC and lower RMSE than
other single models for reproduction and historical experi-
ments, showing better performance. Rep_ENS presents
substantial improvements over other individual RCMs of
the reproduction experiments in all three monsoon
regions. For His_ENS, the PCC is higher than the CMIP5
GCM_ENS but shows poorer performance from the RMSE
perspective. However, in the ISM region, His_ENS is
located closer to the Ref point than the CMIP5 GCM_ENS
and most of the other individual models of historical
experiments (Figure 5c). In the WNPSM region, the RCMs
show relatively poor simulated performance, compared to
other regions, with respect to the large bias in the ocean
area (Figure 5d).

The above results demonstrate that an RCM ensemble
can depict observation patterns better than other individual
models. For this reason, only the ensemble results will be
presented hereafter. Figure 6 presents the frequency of
occurrence in summer based on the intensity of daily pre-
cipitation. Occurrence frequency is shown as a percentage,
and events with no precipitation are excluded. ERA-Interim

shows that all three monsoon regions reveal a similar expo-
nential pattern, and higher frequency appears in the ISM
and WNPSM regions, compared to the EASM region for
precipitation intensity greater than 200 mm�day−1. In the
model experiments, reasonable simulations appear for
weak-intensity precipitation. Rep_ENS simulates distribu-
tions similar to the observation, especially in the EASM
where precipitation below 60 mm�day−1, but slightly over-
estimates precipitation at under 80 mm�day−1 in the ISM
and WNPSM regions. For high-intensity precipitation
(≥100 mm�day−1), the Rep_ENS distribution is very close to
observation, showing good performance. Also, the added
value from His_ENS is shown in high-intensity precipita-
tion. The CMIP5 GCM_ENS rarely shows frequency of
occurrence at precipitation intensities of 100 mm�day−1 or
more. However, His_ENS shows an improved simulation
ability for high-intensity precipitation in all regions. For
low-intensity precipitation, both CMIP5 GCM_ENS and
His_ENS show reasonable performance. Both results
underestimate percentages in the EASM and ISM regions,
while His_ENS presents a frequency higher than observa-
tion in the WNPSM region. The result of overestimating the
frequency of low-intensity rainfall in the WNPSM region is
related to wet bias in the western North Pacific, shown in
Figure 4f.

Evaluating the simulated performance of the repro-
duction and historical experiments confirms that the
RCM simulates the characteristics of summer precipita-
tion in CORDEX-EA Phase 2 domain reasonably well.
Using the RCM ensemble results, spatiotemporal

FIGURE 4 Spatial distributions of summer (MJJAS) mean precipitation (unit: mm�day−1) derived from (a) ERA-Interim, (b) CMIP5

GCM ensemble and (c) the historical experiment RCM ensemble (His_ENS), and the differences between (d) Rep_ENS and ERA-Interim,

(e) CMIP5 GCM ensemble and ERA-Interim, (f) His_ENS and ERA-Interim. Right upper text of each figure denotes the area-averaged (a–c)
precipitation and (d–f) RMSE [Colour figure can be viewed at wileyonlinelibrary.com]
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distributions of climate factors related to the ASM, such
as precipitation and moisture flux, are analysed utilizing
CSEOF. Although the ASM has different characteristics
in each region, CSEOF is applied to the entire region of
CORDEX-EA Phase 2 domain because of its connectivity
between each region (Wang & Ho, 2002).

Figure 7 shows the first CSEOF mode of precipitation
in CORDEX-EA Phase 2 domain derived from observation
and each experiment. The first mode obviously represents
the seasonal variation in precipitation (Lim et al., 2002), so
the impact of typhoons would be almost neglected. The
variance in ERA-Interim, Rep_ENS and His_ENS is

FIGURE 5 Taylor diagrams of summer (MJJAS) precipitation simulated by individual RCMs and model ensembles for the

(a) CORDEX-East Asia Phase 2, (b) EASM, (c) ISM and (d) WNPSM region. Note that the scales differ between plots [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 6 The percentages of occurrence for summer (MJJAS) daily precipitation derived from ERA-Interim, Rep_ENS, His_ENS, and

the CMIP5 GCM ensemble for (a) EASM, (b) ISM and (c) WNPSM regions [Colour figure can be viewed at wileyonlinelibrary.com]
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65.66%, 68.62% and 83.47%, respectively. In the first mode
of observation, positive values increase in the eastern Bay
of Bengal on 7 June and progress toward India (Figure 7a).
Peak values appear in India on July, gradually weakening
and disappearing after 16 August as the magnitude of pre-
cipitation decrease. This precipitation process in India is
closely related to the eastward moisture flux at 850 hPa in
India, which brings abundant moisture from the Indian
Ocean (Li et al., 2012; Lim et al., 2002) (Figure S3a). Also,
some of the eastward moisture flux moves to eastern
China and Korea in July, which means that water trans-
port from the ISM region may also affect the EASM. In the
EASM region, a precipitation band passes through eastern
China and below Japan near 30�N latitude on 17 June. As
it moves north, positive precipitation appears in the EASM
region during July. The precipitation band slowly vanishes
and another large positive value appears over the western
North Pacific after 6 August. In the WNPSM region, posi-
tive values increase after 17 July, reach a peak on
16 August, and after that it disappear.

In Rep_ENS, progression of the Indian summer mon-
soon is simulated well, although positive precipitation in
the Bay of Bengal moving to the west is simulated as

being weaker than the observation, because of weakly
simulated moisture flux vector (Figures 7b and S3b).
Rep_ENS can capture the magnitude of precipitation and
the time when the precipitation peak appears on the
Indian Peninsula. The intensity of the precipitation band
observed in the EASM region is underestimated, but its
location and time of occurrence are depicted skilfully.
Furthermore, in the WNPSM region, a positive peak
appears around 16 August, indicating the summer mon-
soon period in the western Pacific is simulated well.
His_ENS also represents well the westward propagation
of precipitation over the Bay of Bengal during the same
period, as observed (Figure 7c). His_ENS shows good per-
formance in simulating precipitation from 18 May to
7 July in Bangladesh at an amount similar to observation.
Propagating patterns of precipitation from 17 June to
27 July are well simulated over the Korean Peninsula and
Japan, although the precipitation for the EASM region is
depicted relatively weak. In regard to the underestima-
tion, a cyclonic flow of moisture flux in His_ENS appears
6 August, about 10 days later than the observation, and
its location appears further south (Figure S3). Supple-
ment of water vapour to the Korean Peninsula and Japan

FIGURE 7 The first CSEOF mode of pentad mean precipitation over CORDEX-EA Phase 2 domain derived from (a) ERA-Interim,

(b) Rep_ENS and (c) His_ENS. Left upper text of each figure denotes the date [Colour figure can be viewed at wileyonlinelibrary.com]
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becomes low, resulting in less CSEOF mode 1 precipita-
tion than the observation. For the WNPSM region, posi-
tive precipitation begins to increase significantly after
17 July, compared to observation, which seems to be due
to the wet bias of summer mean precipitation in the
region, as shown in Figure 4f. As precipitation in the
WNPSM region gradually increases, a precipitation peak
appears 16 August, consistent with the precipitation peak
period in the WNPSM shown in the observation.

The performance for simulating characteristics of the
precipitation band in the EASM region is analysed in
detail. Figure 8 shows the latitude–time cross section for
the first CSEOF mode of precipitation in the EASM
region as averaged for 115�–135�E longitude. In ERA-
Interim, precipitation of more than 1.5 begins to appear
around 30�N and moves north in mid-June (Figure 8a).
Propagating northward, three cores appear; the first is
located near 30�N in mid-June, the second at 35�N in
mid-July and the last at 42�N from the end of July to
early August. Rep_ENS presents a very similar pattern to
the observation (Figure 8b). In the three cores, the onset
and process of monsoon rainfall are presented well.

His_ENS simulates generally less precipitation than
observed, consistent with the results in Figure 4f
(Figure 8c). In His_ENS, the time when precipitation
moves northward appears around 30�N, about 5 days
late, but the progress pattern is similar to that observed.
The second core is not clearly shown, but the dissipation
of precipitation in mid-July is simulated well at 35�N,
where the Korean Peninsula is located. His_ENS also
depicts well a migrating pattern in a precipitation band
that moves northward up to 45�N and disappears gradu-
ally, similar to observation.

Figure 9 shows the second CSEOF mode of precipita-
tion for each experiment. The variance in ERA-Interim,
Rep_ENS and His_ENS, respectively, is 2.40%, 2.58% and
1.23%, showing much smaller values than the first mode.
CSEOF mode 2 presents the intraseasonal variations in
summer precipitation (Kim et al., 2019), with both posi-
tive and negative values, unlike mode 1. In the second
CSEOF mode for ERA-Interim, strong variability is evi-
dent in the ocean region (Figure 9a). The positive and
negative precipitation values stretch parallel to the zonal
direction over the Korean Peninsula and Japan at the end

FIGURE 8 Latitude–time cross

section diagrams of the first CSEOF

mode of pentad mean precipitation

averaged between 115�E and 135�E
for (a) ERA-Interim, (b) Rep_ENS

and (c) His_ENS [Colour figure can

be viewed at wileyonlinelibrary.com]
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of June. The pattern is presented well in His_ENS, show-
ing its capability to capture the intraseasonal variability
of the EASM, whereas the simulation is slightly weak in
Rep_ENS. The second major pattern in the observation is
the negative precipitation value widely distributed in the
WNPSM region on 16 August, which appears to be a
break event in the western North Pacific summer mon-
soon (the WNPSM break) (Vega et al., 2020; Wang &
Xu, 1997). Several studies argued that WNPSM breaks
occur between the end of June and mid-July, and between
mid-August and early September (Vega et al., 2020). More-
over, a composite of the precipitation anomalies in the
inactive monsoon periods (i.e., WNPSM break days) shows
negative precipitation anomalies in the WNPSM region,
and Figure 9a also shows a clear negative value in the
region from mid-August to the end of August, similar to a
previous study. A strong anticyclonic moisture flux flow
appears in that region, which is related to the WNPSM
break in mid-August (Figure S4a). It is revealed that anti-
cyclonic flow is detected at surface level over 10�–28�N
during the WNPSM break period by analysing NCEP-
NCAR reanalysis data (Vega et al., 2020). Rep_ENS pre-
sents a negative value in the WNPSM region in the same

period as the observation (Figure 9b). However, it tends to
overestimate the intensity of the WNPSM break, since the
intensity of anticyclonic flow is simulated as stronger than
the observation (Figure S4b). For His_ENS, the WNPSM
break appears on 27 July, which is earlier than in the
observation (Figure 9c). Also, the anticyclonic flow in
His_ENS appears at that time with stronger intensity over
a wider area than in the observation (Figure S4c).

4 | SUMMARY

The performance of multi-regional climate models simu-
lating summer precipitation in CORDEX-EA Phase
2 domain is assessed by analysing the simulation results
of RCMs forced by ERA-Interim reanalysis data (repro-
duction experiment) and CMIP5 GCM historical scenario
data (historical experiment). RCM dynamical downscal-
ing is conducted over the CORDEX-EA Phase 2 domain
with a 25-km spatial resolution for the period from 1981
to 2005.

In general, the regional climate models well simulate
the spatial patterns and frequency of occurrence for

FIGURE 9 Same as Figure 7, but for the second CSEOF mode [Colour figure can be viewed at wileyonlinelibrary.com]
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summer (MJJAS) precipitation in CORDEX-EA Phase
2 domain. The spatial distribution of summer mean pre-
cipitation is depicted, to some extent, differently in each
model, and generally shows systematic wet bias. Repro-
duction experiment simulates the spatial patterns in
monsoon regions well, although more than half of the
single RCMs overestimate precipitation on land. Mean-
while in the historical experiment, bias diminishes in
Korean Peninsula and Indochina Peninsula, but wet bias
exists over the western North Pacific compared to CMIP5
GCM_ENS. The RCM ensemble result for each experi-
ment (Rep_ENS, His_ENS) represents a much smaller
magnitude of bias than other individual RCMs, indicat-
ing superior performance in the ensemble results, com-
pared to individual model results, for most of the regions.
His_ENS can capture the characteristics of precipitation
in complex terrain regions, which is not shown by the
CMIP5 GCM_ENS, implying added value from the regional
climate models. Furthermore, His_ENS shows less bias
than the CMIP5 GCM for India, the Indochina Peninsula,
and the Korean Peninsula. A performance index and Taylor
diagram analysis (Figures 3 and 5) confirm that the ensem-
ble results show remarkable performance, compared to the
individual RCMs. Rep_ENS produces a better performance
index for most of the regions compared to single RCMs of
reproduction experiment. His_ENS shows a higher spatial
correlation coefficient and a lower RMSE than other
individual models in historical experiments for Asian pre-
cipitation. The frequency of occurrence, according to pre-
cipitation intensity, shows that the RCM ensembles tend to
underestimate the frequency of strong precipitation at more
than 60 mm�day−1. However, His_ENS simulates distribu-
tions of strong intensity precipitation that are much closer
to the observation than the CMIP5 GCM, confirming added
value from the RCM.

Cyclostationary EOF analysis revealed that the RCM
ensembles describe spatiotemporal patterns of Asian pre-
cipitation that are similar to the observation. For the first
CSEOF mode, which represents the seasonal variation of
precipitation, both Rep_ENS and His_ENS show reason-
able performance in simulating the evolution of the Asian
summer monsoon. Peak period of precipitation from the
Indian summer monsoon and the western North Pacific
summer monsoon as well as the northward migration of
the precipitation band in the East Asian summer monsoon
are well represented. Compared to observation, His_ENS
simulates cyclonic moisture flux later than the observation
in early August, which is related to the underestimation of
precipitation over the Korean Peninsula and Japan in
mode 1. And the exaggerating the occurrence of weak pre-
cipitation that has a relatively high frequency of occurrence
contributes to the overestimation of CSEOF mode 1 precipi-
tation over the western North Pacific. Analysis is also

conducted on the precipitation characteristics of the precip-
itation band in EASM. Both Rep_ENS and His_ENS well
capture the northward migration of the precipitation band
in the EASM region, as well as the timing when the precip-
itation core appears. His_ENS underestimates the magni-
tude regarding to the lower supply of moisture than the
observation. In the second CSEOF mode of precipitation,
presenting intraseasonal variation, His_ENS describes two
band-shaped precipitations with the opposite sign well,
that appears in the EASM region at the end of June, similar
to observation. Rep_ENS also captures the WNPSM break
with the anticyclonic flow in late August, although
His_ENS simulates it at about 10 days earlier than in the
observation.

This study analysed the performance of regional cli-
mate models simulating the summer monsoons in the
CORDEX-East Asia Phase 2 region in terms of temporal
and spatial variations in precipitation. The results will be
used for further precipitation studies using RCM simula-
tions in the domain, including projections of precipita-
tion in the future. One thing to note is that the models
show relatively weak performance in the WNPSM region,
compared to land areas, which may be due to a limitation in
the RCM where it does not interactively simulate the air–sea
interaction (Zou & Zhou, 2016). The monsoon in Asia is a
phenomenon caused by land–sea contrast and sufficient
moisture transport from the oceans, and thus the
atmosphere–ocean interaction over the ocean is important
(Lau & Li, 1984; Tao et al., 2016; Zhu et al., 2020). Therefore,
it seems the model's performance regarding the monsoon
can be determined by how well it simulates atmosphere–
ocean interaction. Some studies (Samala et al., 2013; Wang
et al., 2014; Zou & Zhou, 2016) argued that atmosphere–
ocean-coupled regional climate models improve simulations
of monsoon circulation and precipitation in Asia. However,
the incomplete simulation of atmosphere–ocean flux
exchanges in the coupled regional climate models causes cli-
mate drift as seen in the atmosphere–ocean coupled general
circulation model, which eventually affects the model's capa-
bilities for simulating model climate. Therefore, there is a
certain limit to the model climate produced by the coupled
regional model, and accordingly, the performance of the
coupled climate model is still controversial.
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