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Abstract

Baiu-Changma-Meiyu is a rainy period in early summer over East Asia (Japan, Korea and China)
and its variability and change is one of the major focus in climate change projections in these areas. We
analyze the changes in intensity and duration of Baiu-Changma-Meiyu rain by global warming using
daily precipitation data of fifteen coupled atmosphere-ocean general circulation model (AOGCM) simula-
tions under the SRES A1B scenario at the end of the twenty-first century. It is revealed that a delay in
early summer rain withdrawal over the region extending from Taiwan, Ryukyu Islands to the south of
Japan is contrasted with an earlier withdrawal over the Yangtze Basin, although the latter is not signif-
icant due to inconsistent sign of changes among the models. Higher mean sea-level pressure anomalies
in the tropical western Pacific in the future may be related to these late withdrawals. Changes in onset
dates are relatively less compared to those in withdrawal dates.

1. Introduction

It is expected that anthropogenic global
warming, due to increasing atmospheric con-
centrations of greenhouse gases, will result
in large changes in Asian climate, including
changes in surface temperature and changes
in the monsoon intensity and duration over
South Asia, Southeast Asia and East Asia, and
even in the relationship between the El Niño-
Southern Oscillation (ENSO) and monsoon. An
increase of the greenhouse gases will lead to
increased surface air temperature and precipi-
tation in the global mean sense, but its geo-
graphical distribution is not easy to project, in
particular with respect to precipitation. IPCC
(2001), which assessed consistency of regional
and seasonal mean precipitation change due

to global warming among several coupled
atmosphere-ocean general circulation models
(AOGCMs), reported that most tropical areas
will have increased mean precipitation, and
most of the subtropical areas will have de-
creased mean precipitation at the end of the
twenty-first century due to anthropogenic influ-
ence. An increase in summertime precipitation
in East Asia, and South Asia, and a mean El
Niño-like response in the tropical Pacific, with
a corresponding eastward shift of precipitation
are also noted.

It has been known that most of GCMs have
difficulty in simulating the distribution and
the annual cycle of the precipitation in the
East Asian monsoon region (e.g., Kang et al.
2002). One of the most distinct characteristics
in East Asia is the early summer rainfall, i.e.
Meiyu in China, Baiu in Japan and Changma
in Korea, which is associated with a narrow
rain band with a stationary Meiyu/Baiu front
(Tao and Chen 1987; Ninomiya and Murakami
1987). Its typical season is May to July in
China, June to early July in Japan, and July
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in Korea. Meiyu/Baiu/Changma rainfall is im-
portant for water resource including agricul-
ture, but heavy rainfall often results in disas-
ters in East Asian countries, and thus it is
important to simulate accurately with climate
models. Although earlier model studies showed
insufficient representation of this rain belt
with an ordinary climate model, current models
show some ability of medium resolution models
to simulate the Baiu front precipitation in cer-
tain periods of the model integration (T42L52
CCSR/NIES AGCM, Ninomiya et al. 2002) or
even in the climatological mean fields (T42L30
MRI-CGCM2, Rajendran et al. 2004; Kitoh
2004).

Recently, various modeling groups have per-
formed new simulations including the his-
torical run (twentieth century experiments;
20C3M) and future climate simulations based
on a diverse set of scenarios. Those model data
are collected and archived at the Program for
Climate Model Diagnosis and Intercomparison
(PCMDI), and have been analyzed in various
aspects by many scientists. In this paper, we
analyze the changes in intensity and period of
the East Asian early summer rainy season at
the end of the twenty-first century, using daily
precipitation data of fifteen AOGCMs for the
twentieth century experiment (20C3M), and

the future climate projections based on SRES
A1B scenario (IPCC 2000). The analysis method
using multiple GCMs (multi-model ensemble),
is effective for the improvement of the projec-
tion due to reduction of biases and uncertain-
ties of an individual model (Giorgi and Mearns
2002; Min et al. 2004). We use multiple-model
ensemble (MME) means by weighting each
model by its skill against observations.

2. Data

We use daily precipitation data for 20 years
at the present-day (1981–2000) of the 20C3M
simulation and at the end of the twenty-first
century (2081–2100) under the SRES A1B sce-
nario simulation. Models used are: CCSM3,
CGCM3.1(T47), CGCM3.1(T63), CNRM-CM3,
CSIRO-Mk3.0, ECHAM5/MPI-OM, FGOALS-
g1.0, GFDL-CM2.0, GFDL-CM2.1, GISS-AOM,
GISS-ER, INM-CM3.0, MIROC3.2(hires), MIR-
OC3.2(medres) and MRI-CGCM2.3.2. See Table
1 for model name, originating model group
and atmospheric horizontal resolution. Details
on each model are available from http://www-
pcmdi.llnl.gov/ipcc /about_ipcc.php. Only one
member (the first member) is used, even if
multi-member data are available for some mod-
els to equally treat each model. Twenty-year
mean five-day averaged precipitation (pentad

Table 1. List of AOGCMs used in this study. See http://www-pcmdi.llnl.gov/ipcc /about_
ipcc.php for more details.

Model I.D. Modeling Group, Country Resolution

CCSM3 National Center for Atmospheric Research, USA T85
CGCM3.1(T47) Canadian Centre for Climate Modelling & Analysis, Canada T47
CGCM3.1(T63) As above T63
CNRM-CM3 Meteo-France/Centre National de Recherches

Meteorologiques, France
TL63

CSIRO-Mk3.0 CSIRO Atmospheric Research, Australia T63
ECHAM5/MPI-OM Max Planck Institute for Meteorology, Germany T63
FGOALS-g1.0 LASG/Institute of Atmospheric Physics, China T42
GFDL-CM2.0 Geophysical Fluid Dynamics Laboratory, USA 2 � 2.5
GFDL-CM2.1 As above 2 � 2.5
GISS-AOM NASA/Goddard Institute for Space Studies, USA 3 � 4
GISS-ER As above 4 � 5
INM-CM3.0 Institute for Numerical Mathematics, Russia 4 � 5
MIROC3.2(hires) Center for Climate System Research (University of Tokyo),

National Institute for Environmental Studies and Frontier
Research Center for Global Change (JAMSTEC), Japan

T106

MIROC3.2(medres) As above T42
MRI-CGCM2.3.2 Meteorological Research Institute, Japan T42
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climatology) is first calculated for each model
for each period. Then these model climatology
data are interpolated into the common 2.5
degree by 2.5 degree horizontal grids. Corre-
sponding monthly mean data for surface air
temperature, and mean sea-level pressure, are
also utilized.

For evaluation of the model precipitation,
two observed rainfall dataset are used: the
CPC Merged Analysis of Precipitation (CMAP)
(Xie and Arkin 1997), and the Global Precipi-
tation Climatology Project (GPCP) Version 1
Pentad Mean Precipitation Dataset (Xie et al.
2003). For both the datasets, a 25-year (1979–
2003) pentad-mean climatology is used.

3. Results

3.1 Weighted multi-model ensemble
Before making multi-model ensembles, the

performance of the present climate simulations
are evaluated with respect to the CMAP and
the GPCP datasets. Spatial variance and pat-
tern correlation coefficients are calculated be-
tween the model and each of the observations.

Regions selected are: (1) the longitude-latitude
cross-section of the Northern Hemisphere sum-
mer June–August (JJA) mean precipitation
over 40�E–180�E, 20�S–50�N (Fig. 1a), and (2)
the time-latitude cross-section of the 120�E–
140�E averaged pentad precipitation between
20�S–50�N (Fig. 2a). Ratio of standard devia-
tions (SDR) and pattern correlation coefficients
(R) for each model against two observations,
and for each region, is shown in Table 2. The
skill score as suggested by Taylor (2001)

S ¼ 4ð1 þ RÞ4/½ðSDR þ 1/SDRÞ2ð1 þ RÞ4� ð1Þ

is introduced here.
For the JJA mean precipitation field, the

skill score S varies from 0.321 to 0.761 against
the CMAP data, and from 0.394 to 0.694
against the GPCP data. The model that has
the best skill against the CMAP does not neces-
sarily show the best skill for the GPCP. Larger
SDR values for GPCP than those for CMAP re-
flect the fact that the GPCP data has smaller
magnitude of precipitation values for almost
the entire area evaluated. Two multi-model en-

Table 2. The standard deviation ratio (SDR), pattern correlation coefficient (R) with two observa-
tions and skill score (S) for the East Asian precipitation from fifteen models and four MMEs. SS is
an average of four skill scores. MME15 denotes a simple average of 15 models. MME15w denotes a
skill-weighted average of 15 models.

JJA x-y map (40–160 E 20 S–50 N)
Jan–Dec t-y map

(120–140 E 20 S–50 N)

CMAP GPCP CMAP GPCP Mean

Model SDR R S SDR R S SDR R S SDR R S SS

CCSM3 0.789 0.785 0.600 1.169 0.757 0.581 1.249 0.718 0.519 2.402 0.700 0.326 0.507
CGCM3.1(T47) 0.907 0.863 0.746 1.345 0.822 0.631 1.159 0.843 0.705 1.895 0.791 0.439 0.630
CGCM3.1(T63) 0.906 0.873 0.761 1.343 0.837 0.654 1.147 0.815 0.666 1.875 0.771 0.424 0.626
CNRM-CM3 0.549 0.746 0.413 0.813 0.708 0.509 0.781 0.701 0.492 1.277 0.682 0.472 0.472
CSIRO-Mk3.0 0.640 0.836 0.585 0.948 0.827 0.694 0.934 0.793 0.642 1.527 0.753 0.496 0.604
ECHAM5/MPI-OM 1.306 0.817 0.634 1.936 0.785 0.422 1.458 0.841 0.626 2.382 0.800 0.334 0.504
FGOALS-g1.0 0.493 0.690 0.321 0.732 0.640 0.410 0.665 0.708 0.452 1.087 0.718 0.540 0.431
GFDL-CM2.0 0.969 0.802 0.658 1.436 0.828 0.613 1.466 0.813 0.585 2.397 0.776 0.314 0.543
GFDL-CM2.1 1.000 0.855 0.741 1.482 0.849 0.628 1.545 0.810 0.558 2.526 0.787 0.299 0.557
GISS-AOM 0.778 0.773 0.581 1.154 0.762 0.591 0.871 0.728 0.546 1.424 0.665 0.425 0.538
GISS-ER 1.134 0.676 0.485 1.681 0.721 0.424 1.056 0.754 0.590 1.727 0.734 0.425 0.481
INM-CM3.0 0.726 0.598 0.369 1.077 0.587 0.394 0.761 0.636 0.415 1.244 0.600 0.391 0.392
MIROC3.2(hires) 0.927 0.671 0.485 1.374 0.737 0.515 1.029 0.726 0.554 1.681 0.750 0.452 0.502
MIROC3.2(medres) 0.876 0.722 0.540 1.299 0.746 0.542 0.762 0.702 0.487 1.245 0.691 0.488 0.514
MRI-CGCM2.3.2 1.020 0.802 0.658 1.512 0.737 0.481 1.052 0.859 0.744 1.719 0.808 0.505 0.597

MME15 0.625 0.900 0.658 0.927 0.889 0.791 0.818 0.869 0.733 1.338 0.837 0.654 0.709
MME15w 0.664 0.905 0.700 0.943 0.891 0.797 0.843 0.874 0.749 1.283 0.837 0.670 0.729
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semble means are calculated. One is a simple
average of all fifteen models, and is denoted as
‘‘MME15’’. The skill score of MME15 is 0.658
for CMAP, and 0.791 for GPCP. The other is
a weighted average of fifteen models using
the skill score S, and is denoted ‘‘MME15w’’.
The skill score of MME15w is better than that
of MME15, particularly for the case against
CMAP. Only three models are better than
MME15w in skill score against CMAP, and
MME15w against GPCP outstands any single
model’s skill score.

The skill score for the time-latitude cross sec-
tion of the 120�E–140�E averaged pentad pre-
cipitation varies from 0.415 to 0.744 against
the CMAP data, and from 0.299 to 0.540
against the GPCP data for each model, but
MME15w is 0.749 and 0.670, respectively, and
is better than any single model result.

The average skill score (SS) is defined as the
mean of four S for each model and MMEs. The
SS varies from 0.392 to the best model 0.630.
In the following analyses, SS is used to weight
each model data to make multi-model ensem-
bles, and those results are simply called
MME15w hereafter.

3.2 Spatial distribution of precipitation
Figures 1a and 1b show the Asian sector hor-

izontal distribution of the JJA mean precipita-
tion for the CMAP observations (Xie and Arkin
1997), and the fifteen models weighted ensem-
ble mean (MME15w). Multi-model ensemble re-
produces well the observed features, such as
precipitation maxima over the western coast of
India, the Bay of Bengal, the South China Sea
and the Philippine Sea. A rain belt over south-
western Japan (Baiu rain band) can also be
discerned from the multi-model simulations.
Models overestimated precipitation along the
southern periphery of the Tibetan Plateau.
This feature is seen in most of the models, and
may be related to model’s failure to depict to-
pography, due to coarse horizontal resolution.
Kobayashi and Sugi (2004) demonstrate that
increasing horizontal resolution can alleviate
this deficiency using the JMA atmospheric
GCM.

IPCC (2001) reported consistent JJA precipi-
tation increase over South Asia and East Asia,
for both the SRES A2 and B2 scenarios, but no
change for A2 and inconsistent response for B2

Fig. 1. Northern Hemisphere summer
(JJA) mean precipitation (mm day�1).
(a) Observations (Xie and Arkin 1997).
(b) Multi-model ensembles (MME15w)
for the present day (1981–2000) of the
20C3M experiments. (c) As in (b) except
for the 2081–2100 of the SRES A1B ex-
periments. (d) Differences between (c)
and (b). Light and heavy slant lines
denote areas where the difference is
larger than 0.5 and 1.0 times of inter-
model standard deviation, respectively.
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over Southeast Asia. Lal and Harasawa (2001),
based on four relatively skillful model results,
obtained a general increase in precipitation
over most of Asia, except for a decrease in sum-
mertime precipitation over Central Asia. Based
on multi-model ensembles, Min et al. (2004) ob-
tained increased East Asia precipitation in the
warmer season (April to September).

For the MME15w, the JJA mean precipita-
tion for 2081–2100 of the SRES A1B simula-
tions, and the changes are shown in Figs. 1c
and 1d, respectively. In order to show statisti-
cal significance of multi-model ensemble mean
changes, grid points where the change is larger
than 0.5 and 1.0 times of intermodel standard
deviation of the changes, are marked by light
and heavy slant lines, respectively, in Fig. 1d.
It is shown that projected JJA precipitation in-
creases over South Asia, East Asia as well as
Southeast Asia. Precipitation increase is also
large over the central equatorial Pacific, sug-
gesting an El Niño-like mean climate change
by global warming, which is noted by the previ-
ous model results (IPCC 2001). Precipitation
changes are small in some part of South Asia,
such as western coast of Indochina peninsula,
and around the Philippines. It is noted that
negative precipitation anomalies prevail over
the South Indian Ocean. Increase in precipita-
tion is found over East Asia, particularly
around Japan, which makes the Baiu rain
band more visible from Taiwan northeastward
to Japan (Fig. 1c).

Figures 2a and 2b show the time-latitude
cross-section of pentad mean precipitation
averaged for 120�E–140�E for the CMAP obser-
vations and the multi-model ensembles, respec-
tively. The observation shows a clear beginning
of heavy rain at mid-May around 25�N, and a
subsequent northward migration towards 35�N
at the end of July, corresponding to Baiu rain
band and its seasonal migration. The multi-
model ensemble mean shows the tropical heavy
precipitation area following the seasonal cycle,
and some flavor of reproducing spring rain
along 30�N–40�N and its maximum in June.
There also is a hint of less precipitation area
between the Baiu rainy area and tropical rain
area over the Philippine Sea.

The time-latitude cross-section for the 2081–
2100 simulation, and the changes from the
present-day simulation for MME15w are shown

Fig. 2. Time-latitude section of precipita-
tion (mm day�1) averaged for 120�E–
140�E. (a) Observations (Xie and Arkin
1997). (b) Multi-model ensembles
(MME15w) for the present day (1981–
2000) of the 20C3M experiments. (c) As
in (b) except for the 2081–2100 of the
SRES A1B experiments. (d) Differences
between (c) and (b). Light and heavy
slant lines denote areas where the dif-
ference is larger than 0.5 and 1.0 times
of intermodel standard deviation, re-
spectively.
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in Figs. 2c and 2d, respectively. The difference
map is somewhat noisy, but clearly shows
increased precipitation over the tropical rain
area throughout the year, and the summer
rain band around 30�N from June to August. It
is noted that a contrast between less precipita-
tion between 10�N and 20�N before June and
subsequent increase becomes more distinct by
global warming.

3.3 Onset and withdrawal dates of rainy
season

Thin lines in Fig. 3a denote the smoothed an-
nual cycle of pentad precipitation averaged for
the region around Japan (120�E–140�E, 25�N–
35�N) for the present-day climatology of each
model. Here smoothed annual cycle is defined
as the sum of the annual mean and the first 12
harmonics. The multi-model ensemble mean
(thick solid line), and the CMAP observations
(thick dashed line with open square) are also
shown. Model scatter (standard deviation
among models) is large, and ranges between
0.8 mm day�1 (late winter) and 1.9 mm day�1

(early summer). Therefore observed precipita-
tion annual cycle is almost within model pre-
cipitation envelops (mean plus or minus one
standard deviation) except for early June, late
August and late September when model precip-
itation is significantly less than the observa-
tions. As is seen in Figs. 1 and 2, models under-
estimate summer precipitation maximum over
the Philippine Sea, hence underestimate north-
ward rainfall propagation by intraseasonal os-
cillation. Inability of simulating strong tropi-
cal cyclones, which contribute to larger part of
rainfall amount in this season, may also be a
reason. Multi-model ensemble mean value is
less than the observations during spring, sum-
mer and fall, and is larger than the obser-
vations during winter. In June, MME15w
has underestimated the observations about
2 mm day�1.

Figure 3b compares the MME15w present-
day, and the end-of-the twenty-first century an-
nual cycle of precipitation around Japan. An in-
crease in precipitation is seen almost all year
round except for early winter and March. Pre-
cipitation in the future scenario simulations is
larger than the present-day simulations, more
than 0.3 mm day�1 from June through early
September, with the maximum difference oc-

curring in July. As will be imagined by large
scatter among models (Fig. 3a), both the pres-
ent and future ensemble means (MME15w) are
well within an envelope of each model lines. In
order to estimate robustness of the change, the
difference of regional mean precipitation is di-
vided by the intermodel standard deviation of
the differences (Fig. 3c). This normalized differ-
ence exceeds one during only the 2nd and the

Fig. 3. (a) Annual time series of pentad
mean precipitation averaged for
120�E–140�E, 25�N–35�N for each
model climatology for 1981–2000 of the
20C3M experiments (thin lines), multi-
model ensemble mean (MME15w: thick
solid line) and the observations (thick
dashed line with open square). (b)
Thick solid line is the same as in (a),
while dashed line with open circle de-
notes the value for the 2081–2100 of
the SRES A1B experiments. (c) Normal-
ized changes of the MME15w pentad
mean precipitation.
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3rd pentads of July. Therefore, an increased
precipitation in this region by multi-model
ensemble is robust only in the high summer
season.

Several ways are proposed to define onset
and withdrawal dates of monsoons. For exam-
ple, based on the relative climatological pentad
mean rainfall, which is the difference between
the climatological pentad mean rainfall for
May–September and January mean rainfall,
Wang and Linho (2002) defined the onset as
the Julian pentad when the relative climatolog-
ical pentad mean rainfall exceeds 5 mm day�1,
and the withdrawal pentad when it drops below
5 mm day�1. Zeng and Lu (2004) proposed the
onset and withdrawal dates when a normalized
(between 0 and 1) index, such as precipitable
water, exceeding a threshold value of 0.618
(the Golden Ratio), and obtained a reasonable
global-scale picture. Many attempts have been
continuing for studies of interannual variability
and predictability, but there will be no unified
and perfect index of monsoon onset and with-
drawal for global change studies as the mean
value, as well as the seasonality, might change
by global warming.

Here we use an index similar to Zeng and
Lu (2004), but applying for precipitation. For
each 2.5 degree by 2.5 degree grid points, a
smoothed annual cycle of pentad precipitation
is first obtained by calculating the sum of the
annual mean and the first 12 harmonics for
the present-day and future MME15w model cli-
matology. Then a normalized pentad precipita-
tion index (NPI) is defined:

NPI ¼ ðP� PminÞ/ðPmax � PminÞ ð2Þ

where P is the smoothed pentad precipitation
climatology, and Pmax and Pmin are the annual
maximum and minimum P at each grid point,
respectively. We define the Asian summer mon-
soon region where Pmax appears between March
and September. The onset date is then defined
as the Julian pentad when NPI exceeds a
threshold value (0.618), and the withdrawal
date as the pentad when NPI drops below this
value first after the onset. For example, two
thin solid lines in Fig. 3b correspond to the
threshold values in the present and future for
the area averaged pentad mean precipitation,
respectively (the upper line is for the future).
In this area averaged case, the onset occurs at

pentad 30 in both cases, but the withdrawal oc-
curs at pentad 39 (early July) in the present
and at pentad 48 (late August) in the future.
The withdrawal becomes very late in the fu-
ture, due to increased precipitation in July. In
the following, this method is applied at each
grid point. The criteria for this specific thresh-
old value has no objective reason, but actually,
the following results do not change much if the
threshold value is varied for about 20%.

Figure 4 shows the horizontal distributions
of the onset dates of the summer rainy sea-
son, based on the climatological pentad mean
precipitation for the CMAP observations,
MME15w for the present day (1981–2000),
MME15w for the 2081–2100 of the SRES A1B
experiment, and its changes. A spatial nine-
point smooth filter is applied to the pentad
mean precipitation data before calculating the
onset dates to minimize small-scale noise. In
the observations, the earliest beginning of the
rainy season is noted over southern China al-
ready in March (Julian pentad less than 18).
This is known as the spring persistent rains
(Tian and Yasunari 1998). The onset takes
place earliest over the region extending from
South China through the Indochina peninsula.
Afterwards the onset progresses northwest-
ward towards India, and also northward over
East Asia, where it begins in late May over
Taiwan and the Ryukyu Islands and in late
June in Kyusyu. The onset is very late over the
western North Pacific. These characteristics
are generally well reproduced in the multi-
model ensembles (Fig. 4b), although the onset
is too early over eastern China, the onset is
late over the Indochina peninsula, and a north-
ward progression of onset over eastern China is
not well seen in the model. This may be related
to a more northward shifted spring persistent
rain area in the models. The onset date of Baiu
simulated by the MME15w is around the end of
May or early June, which is close to the ob-
served onset timing.

Figure 4d shows the change in onset dates
from the present to the future climate by the
multi-model ensemble mean. It is shown that
the change in onset dates at the end of the
twenty-first century, is relatively small and
within two pentads over most of the regions,
with slightly earlier onset in India and western
China, and later onset over the Indochina pen-
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insula, and a region extending from southern
China to Japan. There are some spotty regions
with large changes over the ocean to the south
of Japan (early onset) and around Korea (late
onset). To investigate its robustness, consis-
tency ratio among models is calculated (Fig.
4e). Here the consistency is defined as a frac-
tion of the number of models with positive
change in onset dates: that is, the value is 1.0
if all models have projected delayed onset, and
is 0.0 if all models have projected early onset in
the future compared to the present. From Fig.
4e, most models show delayed onset over the
Indochina peninsula, the South China Sea, the
southern part of China and southern Korea to
the western Japan region. However, most of
large changes to the south of Japan are not ro-
bust, implying that a few models’ large changes
have affected the result.

Figure 5 shows the withdrawal dates of the
summer rainy season. The observations (Fig.
5a) show the earliest withdrawal of late June
over the region extending from southern China
to the south of Japan. The withdrawal pro-
gresses in time toward northward and south-
ward from this latitude band. It is mid-July
over Japan. This is a consistent feature with
that found by Wang and LinHo (2002). The
multi-model ensemble mean (Fig. 5b) well cap-
tures the observed characteristics, except for
the western tropical Pacific where the with-
drawal date by MME15w delays compared to
the observations. Over the Baiu region, the
models show an early July withdrawal to the
south of Japan, and a mid-July withdrawal
over central Japan.

At the end of the twenty-first century, the
withdrawal date clearly delays over South Asia
from India through the Indochina peninsula,

H___________________________________________

Fig. 4. Onset dates (Julian pentad) of the
summer rainy season based on the cli-
matological pentad mean precipitation.
(a) Observations. (b) Multi-model en-
sembles (MME15w) for the present day
(1981–2000) of the 20C3M experiments.
(c) As in (b) except for the 2081–2100 of
the SRES A1B experiments. (d) Differ-
ences between (c) and (b). (e) Fraction
of model numbers with positive differ-
ence of onset dates from the present to
the future.
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and also over southern China, Taiwan, the
Ryukyu Islands and mainland Japan. An early
withdrawal can be seen over China, the Philip-
pines Sea and the western Pacific region. Over
India, it is about two pentads delay, while it is
about three pentads delay over the Arabian Sea
and the Bay of Bengal. Larger delay can be
seen over the Baiu region from Taiwan, the
Ryukyu Islands to the south of Japan, where
more than one month delay of rainy season
withdrawal is seen. However, by judging from
inter-model consistency of sign in the changes
(Fig. 5e), late withdrawal is robust over the re-
gion from the Arabian Sea to the Indochina
peninsula, and the region from the Philippines,
Taiwan and the East China Sea. As is shown in
Fig. 3, these regions experience large increase
in precipitation throughout the summer season
by extending the rainy season from only early
summer in the present-day case to the whole
summer season in the warming climate. Over
the Japanese Islands and the surroundings,
there are some grid points with late with-
drawal. Most of these grid points agree in its
sign of the late withdrawal particularly over
the Ryukyu Islands, but a few grid points in
the vicinity of the Honshu Island do not, which
suggests that it is difficult to make a clear as-
sessment there. It is also noted that an early
withdrawal over the western subtropical Pacific
region and northern China is not consistent be-
tween the models.

4. Discussion and conclusions

We analyzed the changes in the Asian sum-
mer rainy season at the end of the twenty-first
century by global warming using daily precipi-
tation data of fifteen AOGCM simulations
under the SRES A1B scenario. The multi-model
ensemble mean is calculated based on their
skill to reproduce the present-day climate com-
pared to two observational data. Model ensem-
ble mean reveals increased JJA precipitation
over Asia, especially over the regions of South
Asia, East Asia, as well as Southeast Asia with
little increase over the Philippines and the sur-
roundings. It is revealed that a delay in Baiu
rain withdrawal around Japan is contrasted
with an earlier withdrawal in Meiyu rain over
southern China, although the latter is not sig-
nificant due to inconsistent sign of changes
among the models. Changes in onset dates are

Fig. 5. As in Fig. 4 except for the with-
drawal dates of the rainy season.
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relatively less compared to those in withdrawal
dates.

In order to see if there are systematic
changes in circulation fields, the JJA mean
surface air temperature, and mean sea-level
pressure changes, are calculated between the
2081–2100 of the SRES A1B experiments, and
the 1981–2000 of the 20C3M experiments by
MME15w (Figs. 6a and 6b). Model uncertainty
is also estimated by comparing the ensemble
mean changes and the model scatter (inter-
model standard deviation of the changes). For
the surface air temperature, the changes ex-
ceed inter-model standard deviation every-
where, and thus not shown in the figure for
brevity. The summertime surface air tempera-
ture changes are positive everywhere due to
global warming, but reveal larger warming
over subtropical land regions such as Middle
East, western China and central USA. Over
the tropical oceans, changes are smaller but
there tends to be a maximum in the central
equatorial Pacific region east of the dateline.
Positive sea-level pressure anomalies are noted
over South Asia and the maritime continent
area in the tropics, while negative mean sea-
level pressure anomalies prevail over the west-
ern Eurasian continent. Also noted there is
a relatively lower pressure zone over the mid
Pacific to the east of Japan, and positive
anomalies over the Gulf of Alaska. The ten-
dency for sea level pressure to become high in
the region south of 30�N and become low in
a 40�–50�N belt, and the strengthening and
southward movement of the Pacific anticyclone
has been already noted in GCM (Kitoh et al.
1997) and RCM (Kato et al. 2001) experiments.

Uchiyama and Kitoh (2004) revealed that the
global warming response by the MRI-CGCM2
SRES A2 scenario experiment is very similar
to the anomalies in model El Niño years, and
suggested that the delay of Baiu withdrawal is
related to the changes in large scale circulation
associated with El Niño-like changes in mean
tropical climate. This feature is not so signifi-
cant by the multi-model ensemble means, al-
though the existence of the largest surface air
temperature changes to the east of the dateline
and more robust positive mean sea-level pres-
sure changes in the tropical western Pacific
than in the eastern Pacific suggests a hint to-
ward multi-model El Niño-like signals. These

Fig. 6. Multi-model ensemble (MME15w)
JJA mean differences in (a) surface air
temperature and (b) mean sea-level
pressure between the 2081–2100 of the
SRES A1B experiments and the 1981–
2000 of the 20C3M experiments. The
contour interval is (a) 0.5 K and (b)
0.5 hPa. (c) Time-latitude section of
mean sea-level pressure averaged for
120�E–180�E. Thin lines are for the
present-day. Solid lines with shading
denote the difference between the
2081–2100 of the SRES A1B experi-
ments and the 1981–2000 of the
20C3M experiments. Light and heavy
slant lines in (b) and (c) denote areas
where the difference is larger than 0.5
and 1.0 times of intermodel standard
deviation, respectively.
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circulation anomalies can be effective to trans-
port moisture from the low-latitudes to the
Baiu-region to bring more precipitation there.
The relationship between El Niño-like response
and East Asian climate changes by global
warming should be investigated further.

Figure 6c shows the time-latitude cross-
section of mean sea-level pressure changes
averaged for 120�E–180�E for the multi-model
ensembles (MME15w) superimposed on the
present-day simulations. In winter a north-
south dipole pattern with negative sea-level
pressure anomalies in high-latitudes, con-
trasted with positive anomalies in mid-
latitudes is noted. This corresponds to a pole-
ward shift of the Aleutian low and subtropical
anticyclone system associated with a positive
phase of the Northern Hemisphere annular
mode. Only in summer (June through Septem-
ber) negative sea-level pressure anomalies ap-
pear around 40�N with high pressures to the
north (55�N) and over the southern oceans.
Some part of the northern anomaly may corre-
spond to the intensified Okhotsk High that is
responsible to cool and wet conditions in Japan,
due to a northeasterly flow from cold oceans,
while the southern anomaly may correspond to
El Niño-like tropical mean climate response.
However, these circulation anomalies are not
significant, and thus further elaboration is
needed.

In this paper, we defined the onset and with-
drawal dates of the summer rainy season as the
normalized pentad precipitation exceeds a criti-
cal value of 0.618 and drops below that value,
respectively. We applied this method on the
climatological precipitation seasonal cycle. An-
other method would be to define the onset and
withdrawal dates from individual years, and
then take the averages. These could bring in
different results, and thus the sensitivity on
the method should be explored. Uchiyama and
Kitoh (2004) applied an index similar to Wang
and LinHo (2002) to the MRI-CGCM2 data and
obtained a consistent result to this paper that
the onset date does not change very much, but
withdrawal date was clearly delayed near Ja-
pan. A use of the relative climatological pentad
mean rainfall of Wang and LinHo (2002) some-
times makes a large part of Asia an undefined
area because of model biases such as less sum-
mer rainfall or larger winter rainfall than the

observations. Naturally, many other indices
can be defined and application of such should
be pursued.
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