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Abstract Global warming projection experiments were
conducted using a 20-km mesh global atmospheric model,
focusing on the change in the rain band of East Asian
summer monsoon. To assess the uncertainty of climate
change projections, we performed ensemble simulations
with the 60-km resolution model combining four different
SSTs and three atmospheric initial conditions. In the
present-day climate simulations, the 20-km model repro-
duces the rain band of East Asian summer monsoon better
than lower resolution models in terms of geographical
distribution and seasonal march. In the future climate
simulation by the 20-km model, precipitation increases
over the Yangtze River valley in May through July, Korean
peninsula in May, and Japan in July. The termination of
rainy season over Japan tends to be delayed until August.
Ensemble simulations by the 60-km model show that pre-
cipitation in the future climate for July increases over the
Yangtze River valley, the East China Sea and Japan. These
changes in precipitation are partly consistent with those
projected by the 20-km model. Simulations by the 20-km
and 60-km models consistently show that in the future
climate the termination of rainy season over Japan tends to
be delayed until August. The changes in the vertically
integrated water vapor flux show the intensification of
clockwise moisture transport over the western Pacific
subtropical high. Most precipitation changes over the East
Asia can be interpreted as the moisture convergence
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resulting from change in the horizontal transport of water
vapor.
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1 Introduction

The rainy season or rain band observed in an East Asian
summer monsoon season is called the Baiu in Japan, the
Mei-yu in China and the Changma in Korea. This rainy
season begins nearly simultaneously with the onset of the
summer monsoon over central India in early June. During
this rainy season, the rain band or rain front stagnates
over the Yangtze River valley, with its eastern edge
passing through the Japan Islands (Ninomiya and Akiy-
ama 1992). The rain band migrates northward with sea-
sonal march and the rainy season terminates in mid-July
(Wang and Ho 2002). Hereafter, we will use the termi-
nology “the Baiu rain band” to denote this rain band or
associated frontal structure extending over the East Asia
in the summer monsoon season. We also will use the
terminology “the Baiu season” to denote the period in
which the Baiu rain band prevails. The rainy season in
East Asia is characterized by this frontal structure of rain
band, whereas Indian summer monsoon does not have
such frontal structure.

Kusunoki et al. (2006) indicated the realistic reproduc-
tion of Baiu rain band needs an atmospheric model with
higher horizontal resolution. They investigated the future
change in the Baiu rain band with a 20-km mesh global
atmospheric model (the 20-km model), using the time-slice
method (Bengtsson et al. 1996) which prescribes sea
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surface temperature (SST) simulated by an atmosphere—
ocean general circulation model (AOGCM).

It is widely recognized that global warming projections
include wide range of uncertainty arising from many fac-
tors such as differences in future emission scenario, model
performance, internal natural variability of climate system.
Therefore, evaluation and quantification of uncertainty in
global warming projection is strongly required to obtain
more robust and reliable information on future climate
changes (IPCC 2007). Although the time-slice experiments
of the 20-km model are largely affected by prescribed SST,
Kusunoki et al. (2006) have used only one set of SSTs for
the present-day and future climate simulations. In order to
evaluate and quantify uncertainty of the projected change
in the Baiu rain band originating from the differences in
SSTs prescribed to the 20-km model, Kusunoki and Mizuta
(2008) have shown that precipitation increase over the
Yangtze River valley and delay in the termination of
the Baiu season over Japan were consistently found in the
simulations regardless of different SSTs. However, their
experiments had limitations. The integration time was
20 years for the longest simulation. Only two AOGCM
were selected for prescribing future SSTs.

The purpose of the present study is to investigate the future
change in the East Asian summer monsoon by the 20-km
model, quantifying the uncertainty of the projection by
ensemble simulations with a 60-km mesh model (the 60-km
model) for different SST distributions and different atmo-
spheric initial conditions. Kitoh et al. (2009) reported the
preliminary results by global warming projection with the
20-km and 60-km models focusing on the change in tropical
cyclone, but they have notinvestigated the changes in the East
Asian summer monsoon. In this paper we will describe the
changes in the East Asian summer monsoon in detail.

Section 2 describes specifications of the model. Sec-
tion 3 explains the experimental design. Section 4 describes
validation data for precipitation. Section 5 verifies the
precipitation climatology in the present-day climate simu-
lations. Section 6 shows the future change projected by the
20-km model. Section 7 represents the future change pro-
jected by ensemble simulations with the 60-km model.
Section 8 discusses the reason for the future change in
precipitation distribution. The paper is concluded in Sect. 9.

2 Models

The AGCM used in this study is called MRI-AGCM3.1S
which is jointly developed by the Japan Meteorological
Agency (JMA) and the Meteorological Research Institute
(MRI). The model is based on an operational numerical
weather prediction model used at JMA. Some modifications
were added inradiation and land surface processes as a climate
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model at MRI (Mizuta et al. 2006). The time integration was
accelerated by introducing a semi-Lagrangian three-dimen-
sional advection scheme (Yoshimura and Matsumura 2005).
The model has a horizontal spectral truncation of TL959
corresponding to about a 20-km horizontal grid spacing and
has 60 levels with a 0.1 hPa (altitude of about 65 km) top.
TL959 means that the model has a spectral triangular trun-
cation of spherical function at wave number 959 with a linear
grid for wave-to-grid transformation. The model has 1920
grids in longitude and 960 grids in latitude. A mere increase in
the horizontal resolution was found to gives rise to large model
biases in precipitation and temperature, much less organiza-
tion of convection, and suppression of tropical cyclone gen-
eration. Therefore, we carefully tuned the model to improve
the model’s present-day climatology by changing the
parameters in the evaporation process, cloud water content
diagnosis, vertical transport of horizontal momentum in
cumulus, and gravity wave drag (Mizuta et al. 2006). Espe-
cially, over estimation of global average precipitation of the
20-km model was suppressed by decreasing the amount of
detrainment of cloud water at the top of the cumulus, as well as
decreasing transformation speed from cloud water to precipi-
tation in the cloud scheme (Mizuta et al. 2006). The version of
the 20-km model used in this study is slightly different from
MRI-AGCM3.0S used in the previous studies (Kusunoki et al.
2006; Kusunoki and Mizuta 2008) in that sea ice model and
vegetation setting in land surface process are improved.

To examine the dependence of horizontal resolution on
the reproducibility of the present-day climatology, we also
performed simulations with three lower spatial resolutions,
using the same model framework (Mizuta et al. 2006). The
resolutions are TL319L60 (640 grids in longitude, 320
grids in latitude, about 60 km in grid size, and 60 vertical
levels up to 0.1 hPa), TL159L40 (320, 160 grids, 120 km,
40 levels, 0.4 hPa top), and TL95L40 (192, 96 grids,
180 km, 40 levels, 0.4 hPa top). In these additional simu-
lations, the parameter adjustments introduced to the 20-km
model (TL95S9L60, 1920, 960 grids, 60 levels, 0.1 hPa top)
were not included, but the modification on the vertical
transport of the horizontal momentum was included.

The 60-km model (MRI-AGCM3.1H) was used for
ensemble simulations to estimate and quantify uncertainty
of future projections. The integration of the models and
data processing were performed on the Earth Simulator
(Habata et al. 2004).

3 Experimental design

3.1 Present-day climate simulations

The time-slice experiment (Bengtsson et al. 1996) was
conducted as follows. Figure 1 shows a schematic diagram
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Fig. 1 A schematic diagram of sea surface temperatures (SST)s
given to the 20-km model. These calculations were applied to each
grid and each month

of SST setting. Table 1 summarizes the specification of
simulations. For the present-day climate simulation, the
20-km model was integrated for 25 years from 1979 to
2003 (run name SP) with the observed historical sea sur-
face temperature (SST) and sea ice data of HadISSTI
(Rayner et al. 2003). This simulation is equivalent to an
Atmospheric Model Intercomparison Project (AMIP)-type
experiment for an atmospheric model, which is widely
adopted in numerous modeling studies. Similar simulations
were conducted with the 60-km model (HP), the 120-km

Table 1 Experimental design

model (MP) and the 180-km model (LP). As for the 60-km
model, three-member ensemble simulations with different
atmospheric initial conditions were performed to evaluate
the internal variability of model atmosphere.

3.2 Future climate simulations by the 20-km model

For the future climate simulations, the 20-km model was
integrated for 25 years from 2075 to 2099 with future SSTs
(SF). The boundary SST data were prepared by superposing;
(a) future change in the multi-model ensemble (MME) of
SST projected by Coupled Model Intercomparison Project
phase 3 (CMIP3) multi-model dataset, (b) the linear trend in
MME of SST projected by CMIP3 multi-model dataset and
(c) the detrended observed SST anomalies for the period
1979-2003. Future change in MME of SST was evaluated by
the difference between the 20th Century experiment
(20C3M) of Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4; IPCC 2007) and
future simulation under the Special Report on Emission
Scenario (SRES) A1B emission scenario (IPCC 2000).
Future sea-ice distribution is obtained in a similar fashion.
Details of the method are described in Mizuta et al. (2008).
The design retains observed year-to-year variability and El
Nifio and Southern Oscillation (ENSO) events in the future
climate, but with a higher mean and clear increasing trend in
SST. This is a reasonable assumption, because IPCC AR4
(2007) drew no definitive conclusion on the change in ENSO
judging from large uncertainties in the future projections by

Target period Year (25 years) Grid size (km) Run name®

Sea surface temperature

Ensemble size of atmospheric initial condition

Present-day ~ 1979-2003 20 Sp
1979-2003 60 HP
1979-2003 120 MP
1979-2003 180 LP

Future 2075-2099 20 SF
2075-2099 60 HF
2075-2099 60 HF CSIRO
2075-2099 60

2075-2099 60 HF MRI

Observation HadISSTI"
Observation HadISSTI
Observation HadISSTI
Observation HadlSSTI
CMIP3¢ multi-model ensemble
CMIP3 multi-model ensemble
CSIRO-MK3.0¢

HF MIROC MIROCS3.2(hires)®
MRI-CGCM2.3.2"

LW W W W = = = W

? Thirst character of run name denotes horizontal resolution: S Super high (20 km), H High (60 km), M Medium (120 km), L Low (180 km).
Second character of run name denotes target period: P Present-day, F' Future

" Observational data by the Hadley Center of Met Office, United Kingdom (Rayner et al. 2003)

¢ Coupled Model Intercomparison Project 3

4 Commonwealth Scientific and Industrial Research Organization (CSIRO) Atmospheric Research

¢ Center for Climate System Research (University of Tokyo), National Institute for Environmental Studies, and Frontier Research Center for
Global Change (FRCGC) of Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Japan

f Meteorological Research Institute, Japan
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AOGCMs. The changes in global annual mean SST at the
end of the 21st century (2075-2099) from the present-day
climate (1979-2003) is 2.17°C.

3.3 Ensemble simulations by the 60-km model
for the future climate

Considering that the time-slice experiments of the 20-km
model are largely affected by prescribed SST, it is desir-
able that uncertainty of future projections should be eva-
luated by the ensemble simulations of the 20-km model
forced with different SSTs. However, owing to the limi-
tation of computer resource, we have to use the 60-km
model for ensemble simulations. Computational time of the
20-km model is twenty times larger than that of the 60-km
model. As a measure of future change in SST projected by
AOGCMS, we have selected two metrics. One is the
effective climate sensitivity AT which is defined by the
change in global average annual surface air temperature at
the time of doubled CO, concentration, considering the
delay of ocean warming (IPCC 2007, Table S8.1). The
other is ENSO polarity (El Nifio/La Nifia) defined by
Yamaguchi and Noda (2006). We have tried to widely
sample the AOGCM model in the two-dimensional phase
space spanned by the effective climate sensitivity and the
ENSO polarity. We have adopted the SST distributions of
three specific AOGCMs; CSIRO_MK3.0 (AT = 2.21°C,
El Nifio like), MIROC3.2(hires) (AT = 5.87°C, La Nina
like) and MRI-CGCM2.3.2 (AT = 2.97°C, El Nifio like).
The average of AT for nineteen CMIP3 AOGCMs is
2.93°C. Warming projected by MIROC3.2(hires), MRI-
CGCM2.3.2 and CSIRO_MK3.0 is large, intermediate,

Fig. 2 SST changes prescribed
to the 60-km model for July
2075. SST differences between
July 2075 and July 1979 were
shown. SST depends on grid,
month and year. a SST
projected by the CMIP3 multi-
model ensemble. b CSIRO-
MK3.0. ¢ MIROC3.2(hires).

d MRI-CGCM2.3.2

(a)

CMIP3 multi—-model ens
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small among CMIP3 AOGCMs, respectively. Figure 2
shows the example of four different SST distributions.
SSTs are the functions of grid, month and year. We also
confirmed that these three AOGCMs show relatively higher
reproducibility of summer (June to August) precipitation
climatology over the East Asia region among CMIP3
AOGCMs (Kitoh and Uchiyama 2006). In order to evaluate
the internal variability of model atmosphere, we have also
conducted three-member ensemble simulations with differ-
ent atmospheric initial conditions for each SST distributions.

4 Validation data of precipitation

To verify the precipitation climatology in the present-day
climate simulation (1979 to 2003, 25 years), five different
observational data are used. We need high horizontal reso-
lution observation to validate the 20-km model, but such
data have some restrictions in data coverage of time and
space. We used conventional dataset for model validation
as well as observations with high horizontal resolution.

4.1 GPCP 2.5 degree

The first one is the Global Precipitation Climatology Project
(GPCP) compiled by Adler et al. (2003). The horizontal
resolution is 2.5° in longitude and latitude, corresponding to
a grid spacing of about 210 km over Japan. Monthly and
pentad data cover the whole period of the present-day cli-
mate simulation (1979-2003). This dataset is widely used to
verify the climate models, but the horizontal resolution is
much lower than that of the 20-km model.

SST (deg C) Month=7 Change =2075 — 1979

(b)

e
W 60W

e
120W 60W
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4.2 GPCP 1DD

The second one is the One-Degree Daily (1DD) data of
GPCP V1.1 compiled by Huffman et al. (2001). Horizontal
resolution is one degree in longitude and latitude, corre-
sponding to a grid spacing of about 90 km over Japan.
These data are more appropriate for evaluating the small-
scale structure of the 20-km model than conventional 2.5-
degree resolution data, although the data cover only
12 years from 1997 to 2008.

4.3 TRMM

The third one is the Tropical Rainfall Measuring Mission
(TRMM) data compiled by Huffman et al. (2007). Hori-
zontal resolution is 0.25° in longitude and latitude, corre-
sponding to a grid spacing of about 25 km over Japan. The
data cover only 11 years from 1998 to 2008 in a global belt
extending from 50°S to 50°N. The 3B42 products are based
on 3-hourly infrared precipitation estimates calibrated and
combined with microwave precipitation estimates. We
used the 3B42 products to verify the time evolution of
precipitation in a pentad resolution. The 3B43 products are
monthly data derived from 3-hourly infrared precipitation
estimates calibrated and combined with rain gauge esti-
mates. We used the 3B43 products to verify the monthly
data of precipitation.

4.4 APHRODITE

The fourth one is the Asian Precipitation Highly Resolved
Observational Data Integration Towards the Evaluation of
Water Resources (APHRODITE) Version 0902 data com-
piled by Yatagai et al. (2009). APHRODITE is daily
gridded precipitation dataset based on rain gauge obser-
vations over Asia region. Horizontal resolution is 0.25° in
longitude and latitude, corresponding to a grid spacing of
about 25 km over Japan. The data cover the whole period
of the present-day climate simulation (1979-2003), but
region of data is restricted to land.

4.5 CMAP

The fifth one is Climate prediction center Merged Analysis
of Precipitation (CMAP) compiled by Xie and Arkin (1997).
A dataset without model generated precipitation in the
process of data assimilation is used. All data are interpolated
to grid points with 2.5-degree resolution in longitude and
latitude. The horizontal resolution is 2.5° in longitude and
latitude, corresponding to a grid spacing of about 210 km
over Japan. The data cover the whole period of the present-
day climate simulation. This dataset is also widely used to
verify the climate models as well as GPCP 2.5° data.

5 Present-day climate simulations

The first step of the global warming projection is to
examine the model’s ability to reproduce the present-day
climatology. Figure 3 compares the observed and simu-
lated climatological precipitation of July. Four observa-
tions with different horizontal resolution and different data
coverage in space and time are shown. The 20-km model
reproduces the concentration of precipitation over western
Japan and the Korean peninsula, but coarser models
underestimate precipitation over these regions.

Month=7

o (b) crcp1dd1.1 1997-2008

Precipitation (mm/day) Present climate

(a) crcp2.5 1979-2003
ON : z

40N 40N
30N : 30N ;
g : ] ., :
20N . ; . 20N . ; ;
110E 120E 130E 140E 150E 110E 120E 130E 140E 150E
(C) TRMM 3B43 1998-2008 (d) APHRODITE 1979-2003
50N : - 50N : -
2 2 -
40N : ; j 40N
30N+ o Al 30N+ ;
¥ T q
20N ; ; . 20N . r .
110E 120E 130E 140E 150E 110E 120E 130E 140E 150E
(e) 20km sp 19792003 (f) eokm HP 1979—2003
50N : : SON : ;
40N 40N
30N . = 30N ;
Vg : (-
20N . , . 20N . , .
110E 120E 130E 140E 150E 110E 120E 130E 140E 150E
(g) 120km MP 1979-2003 (h) 180km LP 1979-2003
50N : - 50N : -
40N 40N+
30N ; : ; 30N
g ; @ - :
20N 20N T T T

110E 120E 130E 140E 150E 110E 120E 130E 140E 150E
— T T e mm/day
2 4 6 8 10 12

Fig. 3 Observed (a—d) and simulated (e-h) climatological precipi-
tation of July. Unit is mm day_l. a GPCP (2.5°, 1979-2003, 25 years,
Adler et al. 2003).The box shows the target region for Fig. 4. b GPCP
1DD (1°, 1997-2008, 12 years, Huffman et al. 2001). ¢ TRMM 3B43
(0.25°, 1998-2008, 11 years, Huffman et al. 2007). d APHRODITE
(0.25°, 1979-2003, 25 years, Land only, Yatagai et al. 2009). e The
20-km model averaged for 25 years from 1979 to 2003 (SP). f The
60-km model (HP). The first run out of simulations with three
different atmospheric initial conditions is shown. g The 120-km
model (MP). h The 180-km model (LP)
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In Fig. 3 the 60 km model simulation is taken from the
first ensemble member out of three ensemble simulations
with different atmospheric initial conditions. Differences of
geographic distribution among three members of the 60 km
model simulations (figure not shown), which can be
regarded as internal variability of model atmosphere, are
much smaller than differences among the 20, 60, 120 and
180 km model simulations. Spatial correlation coefficient
between the first and second member of the 60-km model
simulations, that between first and third member, and that
between second and third member are 0.949, 0.953 and
0.961, respectively.

In Fig. 4, the observed seasonal marching of precipita-
tion is compared with the model simulations for the longi-
tudinal sector including Japan. The target region is
indicated by the box in Fig. 3a. Hokkaido island in Northern

Fig. 4 Time-latitude cross
section of the observed
(a—c) and simulated

Precipitation (mm/day) Present Climate

\ (a) GPCP2.5 1979-2003

Japan (140-145°E, 41-45°N) was excluded because there is
no Baiu season there. In the beginning of June, an area of
large precipitation is observed around 25-30°N (Fig. 4a—c).
This area of heavy rainfall then gradually migrates north-
ward until mid-July and then disappears. This band of
northward-migrating rain corresponds to the Japanese rainy
season, the Baiu. Lower resolution models (Fig. 4e—g)
generally underestimate the amount of precipitation in the
Baiu rain band and do not show the northward migration. In
contrast, the 20-km model (d) simulates larger precipitation
than lower resolution models. Also, the 20-km model shows
the northward migration of rain band, although the speed of
migration is underestimated. In summary, the 20-km model
reproduces the Baiu rain band better than lower resolution
models. This is consistent with the previous results of
Kusunoki et al. (2006).

Pentad =27-46 Lon=125-142E

(d—g) climatological pentad
mean precipitation averaged for

125-142°E. The target region is 35N -
indicated in Fig. 3a. The target
period is from pentad 27 (11-15 30N -

May) to 46 (14-18 August). '
Unit is mm day~'. a GPCP 25N
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A 4
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Huffman et al. 2001). ¢ TRMM

3B42 (0.25°, 1998-2008, P

11 years, Huffman et al. 2007). 35N - A u 35N

d The 20-km model averaged v

for 25 years from 1979 to 2003 30N 4 30N 4

(SP). e The 60-km model (HP).

The first run out of simulations 25N 25N

with three different atmospheric
initial conditions is shown.
f The 120-km model (MP).
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Fig. 5 Future changes in Precipitation change (%) (SFOA — SPOA) / SPOA
precipitation relative to the Contour: 95% sianificant
present-day climatology by the : ° SIg
20-km model. (SF — SP)/SP. (a) Month=5 (b) Month=6
Unit is %. Red contours show SON B o > SON (G o o A
the 95% confidence level by a o Py .ﬁ;’h‘" : ; %
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In Fig. 4 the 60 km model simulation is taken from
the first ensemble member out of three ensemble simu-
lations with different atmospheric initial conditions.
Differences of time-latitude cross section among three
members of the 60 km model simulations (figure not
shown), which can be regarded as internal variability of
model atmosphere, are much smaller than differences
between the 20-km and 60-km model simulations. In
contrast, differences among three members of the 60 km
model simulations are almost comparable to differences
among the 60-km, 120-km, and 180-km model simula-
tions. Correlation coefficient between the first and second
member of the 60-km model simulations, that between
first and third member, and that between second and
third member are 0.685, 0.744 and 0.684, respectively.
These correlation coefficients are lower than those for
the case of Fig. 3f (0.949, 0.953 and 0.961), because
variability of pentad mean is much larger than that of
monthly mean data.

6 Future climate simulations by the 20-km model

Figure 5 illustrates the changes in precipitation over the
East Asia region projected by the 20 km model. In May,
precipitation increases over the Yangtze River valley of
China and the Korean peninsula. On the contrary, pre-
cipitation decreases over the ocean to the south of Japan
archipelago. In June, precipitation increases over the

middle reach of Yangtze River valley in China, but
statistically significant changes are not found near Japan.
In July, precipitation increases over the East China Sea
and around Japan. In August, precipitation increases over
the northern part of China, the East China Sea and near
Taiwan. From June to August, the area of statistically
significant increase is much larger than that of decrease
over the whole domain. Focusing on region around
Japan, increase in precipitation is largest in July.
Kusunoki and Mizuta (2008) investigated the dependence
of SST distribution on the future precipitation change by
the 20-km model. They indicated the robust precipitation
increase over the Yangtze River valley in June (their Fig.
S2) and July (their Fig. 2). Our present results also show
precipitation increase over the Yangtze River valley in
June and July, but change in July is not statistically
significant. Since the model and SST setting of the
present study are different from those of Kusunoki
and Mizuta (2008), simple comparison is not straight-
forward. Over Japan and Korea, common change was not
found in Kusunoki and Mizuta (2008) and in our present
study.

Figure 6 depicts changes in the seasonal march of the
rain band projected by the 20-km model for three regions.
In Japan (Fig. 6a), precipitation decreases in May around
20-30°N which is also confirmed by Fig. 5a. Precipitation
increases in July and in the first half of August. Changes
are not statistically significant mainly due to large year-
to-year variability, but these changes suggest the
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Fig. 6 Time-latitude cross section of future changes in precipitation
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pentad 20 (6-10 April) to 46 (14-18 August). Red contours show the
95% confidence level. a Japan. b Korea. ¢ China. d Definition of
target regions

possibility of delay in seasonal march of rainy season.
This tendency of delay is consistent with the results of
previous studies by CMIP3 AOGCMs (Kitoh and
Uchiyama 2006) and by the 20-km model (Kusunoki
et al. 2006; Kusunoki and Mizuta 2008). Over Korea
corresponding around 35—40°N in Fig. 6b, precipitation
increases in the first halves of June and August. Most
changes are not statistically significant like Japan case.
Over the Yangtze River valley in China corresponding
around 30°N in Fig. 6c, statistically significant increase in
precipitation are frequently found from May to August.
Large increase of precipitation over the Yangtze River
valley in June is also confirmed by Fig. 4b.
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7 Future climate simulations by the 60-km model

In order to evaluate uncertainty of future projections,
ensemble simulations by the 60-km were conducted com-
bining four SST distributions and three atmospheric initial
conditions. Figure 7 shows precipitation change in the all
twelve simulations for July. The reason why we selected
July is that changes in July over Japan are larger than those
in other months. The evident feature is that the changes in
precipitation are largely affected by the SST distributions
rather than initial condition of atmosphere. In other words,
differences among simulations with three atmospheric
initial conditions are small for the same SST. In the simu-
lations with CMIP3 multi-model ensemble SST (Fig. 7a—c),
precipitation increases over the Yangtze River valley, the
East China Sea and Japan. In the simulations with CSIRO
SST (Fig. 7d-f), precipitation increases over southern part
of China, the East China Sea and Japan, which is almost
similar to CMIP3 SST case. Decrease of precipitation
over the ocean to the south of Japan is larger than in
CMIP3 SST case. In the simulations with MIROC SST
(Fig. 7g—i), precipitation increases over almost all the
region except for Korea and the East China Sea. Simula-
tions with MRI SST (Fig. 7j-1) show increase of precip-
itation around 30°N and decrease of precipitation to the
south of 25°N. Changes over Japan are not statistically
significant.

Figure 8 compares the precipitation change between the
20-km model and the 60-km model simulations for July.
Area and amount of precipitation increase in MIROC SST
simulations (Fig. 8e) to the south of 25°N is much larger
than other simulations with different SSTs (Fig. 8c, d, f).
This is partly due to the larger warming of SST projected
by MIROC AOGCM (Fig. 2c), which leads to the larger
holding capacity of water vapor in the atmosphere. Com-
paring the 20-km model result (Fig. 8a) and the average of
all the 60-km model ensemble simulations (Fig. 8b), pre-
cipitation increases over the East China Sea, the Japan Sea
and ocean to the south of Japan in both simulations. Also,
precipitation increases over the Yangtze river valley in
both simulations, but the region of statistically significant
increase is smaller in the 20-km model.

Figure 9 shows the precipitation averaged over Japan
region for July. All the simulations by the 20-km model
and the 60-km model are plotted. In the present-day cli-
mate, simulated precipitations by the 60-km model are
within the range of observations. Simulated precipitation
by the 20-km model is overestimated. In the future climate,
precipitation projected by the 20-km model increases rela-
tive to the present-day climate simulation by the 20-km
model. Similar precipitation increases are found in the
60-km simulations. Two individual simulations by the
60-km model with MIROC SST (X mark) show larger
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Fig. 7 Dependence of future changes in precipitation on SSTs (rows)
and atmospheric initial conditions (columns) projected the 60-km
model ensemble simulations for July. Unit is %. Red contours show
the 95% confidence level. a—¢ (HF — HP)/HP. d—f (HF_CSIRO —

precipitation than precipitation by any other simulations.
These simulations correspond to precipitation change dis-
played by Fig. 7g and 7i. Again, this originates in the
larger warming of SST projected by MIROC AOGCM
(Fig. 2c).

Seasonal march of precipitation averaged over Japan is
depicted in Fig. 10a. The future climate simulation by the
20-km model (SF) shows larger precipitation than the
present-day climate simulation (SP) especially in July.

Init02

20N ‘
110E 120E 130E 140E 150E

() MRI  Init03
50N

140E 150E

2

20N ¥
110E 120E 130E 140E 150E

140E 150E

HP)/HP. g-i (HF_MIROC — HP)/HP. j-1 (HF_MRI — HP)/HP. The
present-day climatology (HP) is the ensemble average of three
simulations with three atmospheric initial conditions

Similar tendency is also found in the ensemble simulations
by the 60-km models. Statistical significance of future
change is shown by filled marks in Fig. 10b. Most of the
precipitation change projected by the 20-km model are not
statistically significant. In case of the 60-km model,
increase of precipitation in July and August is much more
evident than the 20-km. Simulations with MIROC SST
show largest increase of precipitation in July and August
with statistically significance. Increase of precipitation

@ Springer



2490

S. Kusunoki et al.: Future changes in the East Asian rain band projected by global atmospheric models

Precipitation Change=(F—P)/P (%)
20km, 60km model P:1979—-2003 F:2075—-2099

Month= 7 Contour: 95% significant
(a) 20km cMIP3 ssST (b) s0km ALL ssT
50N e = 50N . .
P 9 <3 ] o T — 7
R A - ¥: 7 ) o
40N ghr K son{ (2 LN
JON-I‘P £ 9L o O n{ 3P
(S | %>
20N . . . | ﬁ
110E 120E 130E 140E 150E

20N . r .
110E 120E 130E 140E 150E

c d
(c) Okm CMIP3 SST 50N( )

50N

60km CSIRO SST
NIy 4 30

| H20
10

. -10
g -20
-30

20N EF— '
110E 120E 130E 140E 150E

110E 120E 130E 140E 150E

(e) 60km MIROC SST
e

(f) 60km MRI sST
50N T J . K

50N g
> K= 2 2 eSH R
40N f ~ 40N 1=K
A - e A 5
3N{s  F ; 30N
)

20N T . . 20N
110E 120E 130E 140E 150E 110E 120E 130E 140E 150E

Fig. 8 Comparison of changes in precipitation between the 20-km
model and the 60-km model ensemble simulations for July. Unit is %.
a the 20-km model. Same as Fig. 5c. b The average of all ensemble
simulations by the 60-km model (Fig. 7a-1). ¢ The average of three
ensemble simulations HF (Fig. 7a—c). d The average of three
ensemble simulations HF_CSIRO (Fig. 7d—f). e The average of
three ensemble simulations HF_MIROC (Fig. 7g—i). f The average of
three ensemble simulations HF_MRI (Fig. 7j-1). Red contours show
the 95% confidence level. In the calculation of #-value statistics for
the-60 km model, the standard deviation (SD) for the present-day
climate (HP) was estimated as the average of SDs of three individual
simulations with different atmospheric initial conditions. SD for the
future climate was also estimated as the average of SDs of consisting
simulations. Sample size was set to 75 = 25 (years) x 3 (initial
conditions) for the present-day climate simulations (HP), 300 = 25
(years) x 4 (SSTs) x 3 (initial conditions) for the all future climate
simulations (b), and 75 = 25 (years) x 3 (initial conditions) for the
future climate simulations (c—f)

projected by the 20-km model and 60-km model in July is
consistent with results shown by Figs. 7, 8 and 9. Tendency
of precipitation increase in August suggests the delay in the
termination of the Baiu season. This tendency of delay is
consistent with the results of previous studies by CMIP3
AOGCMs (Kitoh and Uchiyama 2006) and by the 20-km
model (Kusunoki et al. 2006; Kusunoki and Mizuta 2008).

8 Discussion

In order to interpret the changes in precipitation projected
by models, horizontal transport of moisture is analyzed
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Fig. 9 Japan region (125-142°E, 25-40°N; The box in Fig. 3a)
average precipitation for July. Unit is mm day_l. Left part shows
present-day climate. Right part shows future climate. Observational
data are GPCP (2.5°, 1979-2003, 25 years), GPCP 1DD (1.0°,
19972008, 12 years), CMAP (2.5°, 1979-2003, 25 years) and
TRMM 3B43 (0.25°, 1998-2008, 11 years). Red diamonds show
the 20-km model simulations. Black crosses show the 60-km model
simulations. Green circles show the ensemble average of three 60-km
model simulations with different initial condition. Green bar shows
the average of all ensemble simulations by the 60-km model

including Indian subcontinent. As one important part of
Asia monsoon system, Indian monsoon exerts significant
influences on the East Asian summer monsoon rainfall
band. Figure 11 shows the changes in the vertically inte-
grated water vapor flux and its convergence for July. In
case of the 20-km model (Fig. 11a), the intensification of
clockwise moisture transport over the western Pacific
subtropical high is evident. The increases of north-eastward
water vapor transport are found over China and the East
China Sea. The geographical distribution of moisture
convergence associated with the change in horizontal
transport of moisture is almost similar to that of precipi-
tation change over the Ease Asian region in Fig. 8a
(110-150°E, 20-50°N). Precipitation change can be inter-
preted as the moisture convergence resulting from change
in the horizontal transport of water vapor. Increase of
clockwise moisture transport over the western Pacific
subtropical high originates from the strengthening of the
western Pacific subtropical high (figure not shown). This
intensification of subtropical high is consistent with the
results of previous studies using the 20-km model
(Kusunoki et al. 2006; Kusunoki and Mizuta 2009) and
studies with CMIP3 AOGCMs (Kitoh et al. 2009; Kimoto
2005). The increase of east-ward water vapor transport are



S. Kusunoki et al.: Future changes in the East Asian rain band projected by global atmospheric models 2491

Precipitation (mm/day) Pentad Mean
Japan: Lon=125—-142E Lat=25-40N
Pentad =27(11—15 May) to 46(14—18 Aug)

(a) Present and future climate

10{sp. . o—=a

HP O——0 HF_MIROC O0——O
SF O—0O HF_MRI o0—o0
HF_ALL o—o
3 8
©
N
£
£
6_

412 ; ; ; , .
16MAY  1JUN 16JUN  1JUL  16JUL  1AUG  16AUG

(b) Change = Future — Present

2-
> 11 -
el O=f] 3
N O @.4’/
€ 04—= Jo \v/4
£ /)/‘x//” 1Y
SF - SP O—a
=11 HF_MIROC — HP 0—O
HF_MRI — HP O—0O
HF_ALL - HP o—o0
-2 T T T T T
16MAY 1JUN 16JUN 1JUL 16JUL 1AUG  16AUG
Day

Fig. 10 Pentad mean time series of the precipitation averaged for
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Fig. 3a. The period is from pentad 27 (11-15 May) to 46 (14-18

August). Unit is mm day~'. a The present-day and the future climate

simulations. The ensemble averages of 60-km model simulations with
three different initial condiitions are used. HF_ALL shows the
average of all ensemble simulations by the 60-km model. b Changes
in the future climate simulations. Filled mark means that changes are
significant at the 95% level

found over India, Bay of Bengal and Indochina Peninsula,
suggesting some influence of Indian summer monsoon
upon the East Asian summer monsoon.

In case of the 60-km model (Fig. 11b), change in the
convergence of moisture associated with change in hori-
zontal water vapor transport show qualitatively similar
distribution as the 20-km model (Fig. 11a). Change pro-
jected by the 60-km model with MIROC SST (Fig. 11e) is
much different from other simulations (Fig. 11c, d, f) in
that increase of moisture transport from the South China
Sea, Indochina Peninsula and India is larger than the
increase of clock wise moisture transport over the western
Pacific subtropical high. Large moisture convergence
associated with increase of moisture transport from the
South China Sea and the increase of clock wise moisture

transport over the western Pacific subtropical high results
in the increase of precipitation over most part of the East
Asia region. This is mainly due to the large increase of
moisture contained in the atmosphere which is brought by
the large warming of SST by MIROC AOGCM (Fig. 2c¢).
In case of simulation with MRI SST (Fig. 11f), change in
water vapor transport over India, India, Bay of Bengal and
Indochina Peninsula is small and random, suggesting weak
linkage between Indian summer monsoon and the East
Asian summer monsoon.

9 Conclusion

A Global warming projection experiments were conducted
using a 20-km mesh global atmospheric model, focusing on
the change in the rain band of the East Asian summer
monsoon. To assess the uncertainty of climate change
projections, we performed ensemble simulations with the
60-km resolution model combining four different SSTs and
three atmospheric initial conditions.
The results are summarized below:

1. In the present-day climate simulations, the 20-km
model reproduces the rain band of the East Asian
summer monsoon better than lower resolution models
in terms of geographical distribution and seasonal
march.

2. In the future climate simulation by the 20-km model,
precipitation increases over the Yangtze River valley
in May through July, Korean peninsula in May, and
Japan in July. The termination of rainy season over
Japan tends to be delayed until August.

3. [Ensemble simulations by the 60-km model show that
precipitation in the future climate for July increases
over the Yangtze River valley, the East China Sea and
Japan. These changes in precipitation are partly
consistent with those projected by the 20-km model.

4. Simulations by the 20-km and 60-km models consis-
tently show that in the future climate the termination of
rainy season over Japan tends to be delayed until
August.

5. The changes in the vertically integrated water vapor
flux show the intensification of clockwise moisture
transport over the western Pacific subtropical high.
Most precipitation changes over the East Asia can be
interpreted as the moisture convergence resulting from
change in the horizontal transport of water vapor.
Change in Indian summer monsoon partly contributes
to the change in the East Asian summer monsoon.
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Fig. 11 Changes in vertically
integrated water vapor flux
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