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Ahstract: The East Asian (China, Korea and Japan) summer monsoon precipitation and its variability
are examined from the outputs of the 22 coupled climate models performing coordinated
axperimants leading to the Intergovernmental Panel on Climate Change Fourth Assessment Report
(IPCC AR4) following the multi—model ensemble (MME) technique. Results are based on averages
of all the available models.

The shape of the annua cycle with maximum during the summer monsoon period is simulated by
the coupled climate models, Howsver, models fail to simulate the minimum peak in July which is
associated with northward shifts of the Meiyu—Changma—Baiu precipitation band. The MME
precipitation pattern is able to capture the spatial distribution of rainfall associated with the location
of the north Pacific subtropical high and the Meiyu—Changma—Baiu frontal zone., However
precipitation owver the east coast of China, Korea—Japan peninsular and the adjoining oceanic
regions is underestimated.

Future projections to the radiative forcing of doubled CO. scenario are examined. The MME raveals
an increase in precipitation varying from & to 10 %, with an average of 7.8 % over the East Asian
region at the time of CO: doubling, However the increases are statistically significant only over the
Korea—Japan peninsula and the adjoining north China region. The increase in precipitation may be
attributed to the projected intensification of the subtropical high, and thus the associated influx of
moist air from the Pacific to inland. The projected changes in the amount of precipitation are
directly proportional to the changes in the strength of the subtropical high. Further a possible
increase in the length of the summer monsoon precipitation period from late spring through =sarly
autumn is suggested.
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1. Introduction

modeling groups around the

world have been performing a set of

Climate

coordinated 20" and 21% century climate

change  experiments, in  addition to
commitment experiments extending to the
298 century for the Inter— governmental
Panel on Climate Change Fourth
Assessment Report (IPCC AR4).

The increased emissions of COz have lead
to the increase in heating of the earth
(IPCC, 2001) and the simulated climate
change 1s largely due to the radiative
influence of CQ=. Here we analyze and
examine transient and equilibrium runs under
the 1% per vyear compounded increase in
COz wuntil reaching double (IPCC AR4
experiment acronym lpctto2x’ ) and held
constant thereafter. These transient runs are
compared with the 20™ century climate in
(IPCC  AR4 experiment

acronym 20c3m’ ). The difference between

coupled models

the ‘lpcttoZx’ and ‘20c3m’ experiments
represents the projected changes at the time
of COz doubling.

The Asian region 1s characterized by
high human population and economies tend
to be highly wvulnerable to changes in
monsoon precipitation. Hence the variation in
seasonal monsoon rainfall in the context of
global warming is a critical issue to be
investigated. MNumerous studies have well
documented that the Asian summer monsoon
systemn can be divided into two subsystems:
the South and the East Asian monsoon
systern which are to a greater extent
independent of each other and, at the same
time, interact with each other (e.g. Kripalani
and Kukarni, 2001; Ding and Chan, 2009).
Analysis of the precipitation data under the

IPCC AR4 experiments over the South

Asian region have been recently reported
(Kripalani etal., 2005a 2006).
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Flg. 1. The rectangular box indicates the region
of analysis in this study.

In view of the above the 20™ century
simulated summer monsoon (June through
August: JJA) precipitation over the East Asia
(20—40" N, 100-145" E Fig.l) comprising of
China, Korea and Japan and the adjacent
oceanic region, for all the available models
and runs are analyzed with respect to the
annual cvcles and the spatial patterns.
Simulations are compared with the observed
features. Precipitation projected at the time
of COs
Results based on averages of all available

doubling is then investigated.
models ie. multi-model ensemble (MME)
technique are mostly presented. The alms
of this study are to quantify the changes in
summer precipitation over East Asia in
response to doubled CO: and to determine
the possible factors responsible for these
changes.

2. Models, Data and Methodology
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The TPCC standard output from coupled
ocean—atmosphere GCWs
Circulation Models) is collected and archived
by the WGCHM (Working Group on Coupled
Models) Climate simulation panel and the
Program for Climate Model Diagnosis and
Inter—comparison (PCMDI) at the Lawrence
Livermore  MNational  Laboratory, USA.

(General

The climate models along with the key
references are listed in Table 1. Each
model 15 dentified by a simplhified 3-letter
abbreviation (Table 1). Other model
characteristics such as horizontal resolutions
(resolutions are given in  approximate
Zaussian grid: longitude— latitude up to first
place of decimal), number of ensembles,

Table 1. Climate models,thelr versions and the key reference for each model. Each model is identified

by a simplified 3-etter abbreviation.

Ser No IPCC TD pifed Country Rey Reference
1 BCC-CM1 bcc China Nat available
2 BCCR-BCM2 0 ber MNorwray Furevik et al, 2003
3 CGCM3.1 com Canada Flato et al, 2000
4 CINRM-CM3 chnr France Salas-Melia et al. 2006
5 C3IRO-ME3 0 csr Australia Gordon et al, 2002
G GEFDL-CM2.0 gfl Usa Delworth er al, 2006
7 GFDL-CM2 1 afl Usa Delworth er al, 2006
5 GIS5-A0M gao Usa Russell et al, 1995
g GISS-EH gih Usa Schmidr er al, 2006
10 GIS5-ER gir Usa Schmidr er al, 2006
11 FGOALS-gl D fap China Yu et al, 2004
12 TNM-CH3.0 inm Russia Diansky & Volodon 2002
13 IPSL-Chvid ips France Marti et al. 2005
14 MIROC3.2 (hires) mih Japan K-1 Model Developers 2004
15 MIROC3 2 {medres) mim Japan K-1 Madel Developers 2004
16 ECHO-G miu Germany/Korea Legutke and Vass {1999)
17 ECHAMS/MPI-OM mpi Germany Jungclaus er al, 2006
18 MRI-CGCM2 3.2 miri Japan Yukimato et al. 2001
19 CCSM3 nee Usa Collins et al, 2006
20 PCM nep UsA Washington et al, 2000
21 UKMO-HadCM3 ukc UK Jones et al. 2004
22 UKMO-HadGEM]1 ukg UK Johns er al, 2005
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Table 2. Characteristics of the climate models: Approximate Gaussian grid atmospheric resclution (lon
x lat), Mumber of ensembles (20c3m, TpcttoPx), Conwvection schemes used (AS=Arakawa—Schubert,
RAS=Relaxed Arakawa—Schubert, MF=NMass
corrections at the Ccean—Atmosphere interface (N=None, H=Heat, W=Water, M=Momentumn). A dash
(—) indicates information not avalable.

flux—based,

MC=Moist Corwection Adiustment) Rux

Ser No  Model Tosoton (oo lpo  Scheme  Cor-reston
1 bee 1.9 x18 4,1 - -
2 ber 28 x 28 1, 0 MF N
3 cem 3.7 x 37 1,1 MC HW
4 chr 28 x 28 1,1 MF N
5] csr 1.9 x18 1,1 MC N
& gf0 25 x20 3,1 RAS N
7 gfl 25 x 20 3.1 RAS N
5 gao 40x 30 2,0 MF N
g gih 5.0 x40 5, 1 MF N
10 gir 5.0 x40 9,1 MF N
11 iap 28 x 30 3.3 MF N
12 inm 00 x40 1,1 MC W
13 1ps 3.7 x2h 1,1 MC N
14 mih 1.1 x1] 1.1 AS N
15 mim 28 x 28 3,3 AS N
16 miu 3.7 x 37 o, 1 MF N
17 mpi 1.9 x18 3,3 MF N
18 mri 28 x 28 5,1 AS HWM
19 nec 14x 14 8 1 AS N
20 nep 28 x 28 4,4 AS N
21 uke 37x25 2,1 MF N
22 ukg 19x 12 1,1 MF N

_12_
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convection schemes emploved for precipitation
parameterization and the flux corrections (if
any) are tabulated in Table 2. There is a
fairly large range in the horizontal reseclution
of the models varving from the highest
~1.1" longitude / latitude to the lowest 5°
longitude by 47 latitude. More details of the
coupled climate models are available at
http://www—pemdi.llnl.gov/ipce/model_
documentation/.

Given the relative success of MME
technique in the field of dynamical seasonal
forecasting, a similar strategy for climate
scenarios is adopted here. Uncertainties
could be reduced on smaller regional scales
by the technique of multi—model averaging.
To achieve the purposes of this study, data
are analvzed over the East Asian region
(Fig.1) based on averages of model
ensembles: (i) Monthly average rainfall in
mm/month averaged for all the grds to
examine the annual cvclel)  Summer
gseason (JJA) average rainfall in mm at
each grid point to examine the spatial
patterns

Model results are compared with the
observed data from Climate Prediction
Center Merged  Analysis  Precipitation
(CMAP; Xie and Arkin, 1997). The CMAP
precipitation (obtained from the website
ftp://ftpprd.ncep-noaa.gov) has a resolution
of 2.5° longitude by 2.5° latitude. Based
on the CMAF rainfall data for the
1981—-2000 period, seasonal rainfall over
the East Asian region (Fig. 1) during
winter (DJF), spring MAMD, summer JJA
and autumn (SOMNY is 178, 348, 542, 318
mm  respectively. Thus a  substantial
contribution (~ 40 %) of the annual rainfall
occurs during summer. The coefficient of
variation (CV) during summer is 8.7 %.

For selected models the sea level pressure
from the 20c3m’ and the “lpcttoZx’
expeniments 15 also examned to dentify
possible projected changes in the pressure
patterns. Before the results of this study are
discussed. a brief overview of the climate
conditions and summer monsoon circulation
over East Asia is presented in the next
section.

3. Summer monsoon climate over
East Asia

The East Asian summer monsoon is
tropical and subtropical nature. The most
prominent weather phenomenon during the
summer monsoon is the quasi—stationary
front extending {from south China to
southern Japan. This front called Mefrur in
China, Changma in Korea and Bair in Japan
is located along the northern and northwest
periphery of the north Pacific subtropical
high (NPSH). The location, shape and
strength of the NPSH greatly influence the
East Asian climate (see Ding and Chan,
2005 and references therein). The westward
(eastward) extension of the NP3SH enhances
(suppresses) MONSsooN activity.  The
westward displacement intensifies the low
level jet at the northwest edge of this
anticyclone resulting in transporting of large
amount of water vapor into East Asia, in
particular over the Yangtze River Basin. At
the southern edge of this tugh 13 the west
Pacific warm pool. The anomalous heating
over the warm pool also influences the
atmospheric  circulation and  precipitation
distribution (e.g. Nitta, 1987: Lu, 2001; also
see Kim et. al, 2002, Kripalani et. al.,
2002; 2005 band references therein).

_13_
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The seasonal march of the East Asian
summer monsoon precipitation displays a
stepwise northward and

advance, with

distinct
northeastward abrupt
northward jumps and statipnary periods in
between. The monsoon rain commences
from early to mid—May over the
Indo—China peninsular, and then it extends
abruptly to the Yangtze River Basin and
south Japan in early to mid—June and
finally penetrates to MNorth China, Korea,
parts of Japan and adjoining ocean (e.g.
Ding and Chan, 2005).

Two external forcings ie. the Pacific sea
surface temperatures (S5Ts) related with
the El Ning Southern Oscillation (ENSQ)
Indian Ocean 55Ts related with the Indian
Ocean Dipole/Zonal Mode and the snow
cover over Eurasia and the Tibetan Plateau
are believed to be contributing factors to
the activity of the FEast Asian summer
monsoon (e.g. Kripalani et al., 2002; 200%b
Ding and Chan, 2002 Oh et al, 2005).
However, the internal wvariability of the
atmospheric  circulation is  also  very
important. In particular the NPSH plays a
more important role (Ding and Chan, 2005).
With this climatic backeground we analyze the
contermnporary and projected East Asian
MOENsSoo!.

4. Simulations and projections

As recommmended by the IPCC AR4 panel,
the models’” mean climate is defined based
on the last twenty vears (corresponding to
1981-2000 period) of the "all forcing 20™
century runs' i.e. experiment designated as

‘20c3m’ . Observed climatology is also

based on the 1981 -2000 period.

4.1 Annual Cycles
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Fig. 2. Average monthly  rainfall  (mm/month)
depicting the annual cycle (J=January ————-
D=December). The average annual cycle based
on all the models (mean: thick dashed curve),
observed (obs: thick line), 1 (thin dashed
curve] and 2 (thin continuous curve) standard
deviation (m+/=s) limits are shown in the upper
panel. The multi-model mean for the 20c3m
{continuous line) and the Ilpctto?x (dashed
line) experiments are shown in the lower panel.

The CMAP (Xie and Arkin, 1997) average
precipitation (mm) for each month, depicting
the observed annual cycle is shown in Fig.2
(upper panel: thick line). Over the course of
the annual cycle the precipitation shows a
gradual increase from spring to summer with
peak in July thereafter a gradual decrease
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towards autumn. The precipitation in JJA is
about 180-120 mm/month. However the
ohserved  precipitation
minimum in July and higher values in June
and August. This could be related to the
seasonal advace and withdrawal of the
Meiyu—Changma—Bamn  frontal zone. This
frontal rain belt moves northward in sudden
shifts with stationary periods in between as
described in the previous section. It is
likely that dunng the stationary period in
July the monsoon activity i3 subdued
resulting in lower precipitation in July
compared to June and August.
The MME annual cycle
panel: thick dashed line) along with the 1
and 2 standard dewviation limits  (.e.
inter—model wvariability) are displaved in
Fig.2 (upper panell.
cvcle  resembles
observed, but the simulation does not have
peaks in June and August and the simulated
precipitation is slightly underestimated from
May through September. As will be seen
later (section 4.2 Fig. 4) over major part of
the East Asian domain, in particular the
oceanic  region, simulated  precipitation 18
underestimated. The standard deviation of all

shows a shght

(Fig.2 upper

The simulated annual
reasonably  well  the

the model simulations relative to the WME
llustrates the inter—model variation. The
inter—model variation is slightly larger during
summer, implving larger diversity of the
models in
precipitation.

The simulated (thick line) and projected
(dotted line) annual cvcles are shown in Fig.2
(lower panel).The projected annual cycle is
based on the 20 years (years 61-80
centered (vear 700 at the time of COe
doubling. Increase in precipitation throughout

simulating  summer  monsoon

the vear is projected, in particular from
late spring through early autumn, implying
the lengthening and strengthening of the
Asian summer monsoon. From observed
temperature data analysis  over South
Korea, Oh et al. (2004) have shown that
summer has come earlier and lasts longer
in the 1930s than inthe 1910s. The length
of summer during 1990s was 109 days as
against 87 days in the 1910s (©h et al.,
2004). Kitoh and Uchivama (2006) also
reported a significant delay in early summer
rain withdrawal from Taiwan to the south of
Japan under the SRES (Special Report on
Emission Scenarios) AlB  scenario. They
also report an early withdrawal over south
China and the Yangtze Kiver Basin, but not
significant due to inconsistent sign of the
changes among the models. They further
report that higher mean sea level pressure
anomalies 1 the tropical western Pacific 1n
the future may be related to these late
withdrawals. Changes in onset dates are
compared to those in the

Kitoh and Uchiyvama,

relatively short
withdrawal dates
20086)

In summary analvsis of simulated and
projected annual cycles reveals an increase
in summer precipitation and a possible
lengthening of the summer rainy season
from late spring through to early autumn.

4.2 Spatial Patterns

The major observed features of the
summer meonsoon rainfall distribution over
the Asian regionshown by the CMAF data
(Fig. 8) are as follows:
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Ag. 8. Obsewed spatial pattern of seasonal
summer monsoon (JJA) precipitation in mm as
derived from the CMAP data set. The total
seasonal precipitation is 542 mm over this
region.

The heavy rainfall belts, south of 25" I
and from southern China up to the
Korea—Japan peninsular, may be related
with  the

Meiyu—Changma—Baiu front during sumrmer.

northward  shifts of  the

While the low rainfall over the eastern
parts of the oceanic region compared to the
western part may be related to the location
of the NPSH. The easterly flow at the
southern edge of this high will transport
more moisture from the Pacific towards the
west. The presence of the warm Kuroshio
Current in the western Pacific also leads to
the increase in precipitation.

To obtain the MME pattern the original
model outputs are converted to the same
(2.5" longitude/latitude) by
(http://bade.

resolution
bi—lingar interpolation method
nerc.ac.uk/help/software/sconv/) .
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Fig. 4. Simulated MME pattern (upper panel)
and the pattern of standard deviation (central
panel] for all the models relative to the MME
in mm. The difference (in mm) between MWME
and CMAF is illustrated in the lower panel.

The simulated spatial pattern is shown in
Fig. 4 (upper panel). A comparison with Fig.
3 reveals that the multi—model ensemble is
able to capture the major spatial features
reasonably  well. For an  objective

assessment about the inter—model variance,
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Fig.4 (central panel) presents the standard
deviation of the models relative to the
MME. The pattern of standard deviation 1s
similar to the mean multi—model pattern
with higher dewviations (~200 mm) among
the models over regions of high rainfall and
lower dewviations (100—-150 mm) in regions
of low rainfall. Thus the inter—model
variation of precipitation is about 2 times
larger south of 30" NN, than north of this
latitude, 1ndicating the larger diversity of
the coupled models in  simulating  low
latitude precipitation.

The difference between the MME and
CMAP pattern reveals underestimation of
precipitation over east coast of China,
Korea—Japan peninsular and the adjoining
oceanic regions (Fig.d lower panel). Sun et
al. (2006) also found dry biases over East
China simulated by several models. Using a
GCM, Zhang  (1994)  performed  two
simulations for the summer monsoon months,
one with convection parameterization using a
mass flux scheme and the other without
convective parameterization. Significant
effects on the monsoon circulation and its
associated precipitation were reported. In the
simulation with the mass flux convective
parameterization, precipitation in the western
Facific decreased. together with a decrease
in surface evaporation and wind speed.
Besides the convective parameterization,
others factors such as dynamics and
thermodynamics could also be responsible
for low precipitation. Zhang (1994) further
showed that the monsoon circulation and
precipitation distribution in the
no—convection simulation are very similar
to those in the simulation with moist
convection adjustment scheme. He
interpreted the precipitation decrease and

the difference in the large—scale circulation
with and without convective parameterization
in terms of convective stabilization of the
atmosphere by convection, using dry and
moist static energy budgets. He showed that
weakening of the low—level convergence in
the western Pacific in the simulation with
convection closely associated with the
stabilization of the atmosphere by convection,

mostly  through dryving of the lower
troposphere: changes n low—level
convergence leading 1o changes 1n

precipitation. Thus the stabilization of the
atmosphere inhibits the wvertical motion and
the low—level meisture convergence leading
to suppressing precipitation. Incidentally 70
% of the models used here have employed
either the mass—flux Dbased convective
parameterization  scheme  or  the moist
convective adjustment scheme (see Table 2.
This may be a possible reason for the
underestimation of precipitation over this
region in particular over east coast of
China, Korea—Japan peninsular and the
adjoining west Pacific region (Fig. 4 lower
panell.lt is also likely that the dryness in
East Asia is due 10 a poor representation
of the dynamics, which is responsible for
the moisture transport.

The projected spatial patterns (Fig. 5) are
depicted as differences between the mean
patterns at the time of CJg doubling (vears
61—80 of the transient lpcttoZx runs) and
the last Z20-—vears of the control runs
(20c3m runs). The differences between the
simulated and projected patterns are tested
by a two—tailed student’ s t—test. Shaded
areas denote areas of significance. Maximum
increases of 50 mm are projected over
southern China. Japan and the adjoining
oceanic regions (Fig. 5 upper panel).
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Fig. 5. Spatial patterns depicting the difference
(1pctto2x—20c3m: upper panel) in mm and the
percent increase in precipitation (lower panel).
Light (dark) gray shading illustrates the
significance at 5 (1) % level determined from
the two—tailed Student’s t—test.

The precipitation Increases vary from 5 to
10 % (Fie. 5 lower panel). On the whole,
summer precipitation increases by 7.8 % by
the COz doubling, which is higher than the
observed CV (6.7 %). Note, however, that
the increases are significant only over the
region north of 32" N and east of 112" E
(Fig. 5 lower panel: shaded areas).

Min et al. (2004) reported precipitation
change In summer to be positive over all
East Asia with maximum change of 30%

near the Korean peninsular and Yellow sea
based on 4 selected models under IPCC
SRES A2 and B2 scenarios. They reported
an overall increase of 10.4% in summer
precipitation over the East Asian region.
(20059  also
precipitation increases of 10 % in 100 years

Kimoto reported  mean

especially in warm seasons with the SRES
AIB and Bl
However, using an interactive atmosphere—

scenarios  over  Japan.
soil—vegetation model, Chen et al. (2004)
obtained an increase of about 20 % In
annual rainfall in coastal areas of northern
and central China, but only by 8 % in south
China under the doubled COz scenario. The
precipitation increases vary from model to
model and from one scenario to another.
Recent climate trends in the East Asian
region during Baiu season of 1979-2003
show an increase inprecipitation along the
Baiu frontal zone from southeast part of
China up to Japan (Hirota et al., 2005).
Observed rainfall during the 20™ century has
also  shown an increase in  summer
precipitation. Using data for the 1906—2002
period over South Korea, Chung et al
(2004) noted an increase in precipitation.
They attributed the changes in observed
rainfall characteristics to the behavior of the
(2006) also
trend in

Changma front. Su et al

reported a positive summer
precipitation in the Yangtze region due to
increase of rainstorm frequency during the
1360—-2002 period.

In summary the MME technique projects an
increase of sumnmer precipitation by 7.8 %
over the East Aslan region. Cver smaller
spatial scales maximum increase (10 %) in
precipitation is projected over the Korea—

Japan peninsula and the adjoining MNorth China
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region. We now examine the impact of
stabilized COg  after double
concentration.

attaining

4.3 Impact of fixed COz after doubling
Time series of average summer monsoon
rainfall are prepared by averaging the outputs
of 3 models (cem inm, mpi), because only
for these 3 models control runs are available
for 130 years and transient runs under the
COz doubling scenario for 220 years. A plot
of these two series is shown in Fig. 6. The
solid line super—imposed on the inter—annual
fluctuations is a smoothed cuwve using
21—vyear running mean low—pass filter.
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Fig. 6. Time series plot (average for ccm, In
mand mpi models) of the mean JJA rainfall for
the 20c3m (dotted line) and the 1pcttolx
{continuous line) experiments. The solid line
super— imposed on the inter—annual wvariations
is a smoothed 21-vear low pass filter. The
vertical line at year 70 indicates the CCs
doubling period. X-axis denotes the vears and
Y—axis the seasonal precipitation in mm.

This time series reveals a gradual
increase in precipitation initially and a rapid
increase from the year 40 until the time of
CQOz doubling (year 70). During the period
COz held constant and allowed to stabilize,

there is some Indication of slight increase

in precipitation for a decade or so and
remains constant thereafter, indicating a
state of equilibrium. This suggests that the
warming associated with the increase in
CUz results in more evaporation, more
moisture in  the atmosphere, ultimately
resulting in more precipitation. However the
changes in precipitation might stabilize once
the increases in CQO: emissions are

controlled.

5. Discussion: possible mechanisms for
precipitation increase

Both the oceans and the atmosphere are
warming as greenhouse gases build in the
atmosphere. Warmer tropical S8Ts  with
gases
relatively large increases in water vapor due

increased greenhouse produce
to increased evaporation and consequently a
general increase in tropical precipitation. At
high latitudes, in addition to increases in
water vapor producing more precipitation in
moisture

regions of climatological

convergence, advection associated  with
changes in atmospheric circulation produces
a large precipitation increase over several
regions of the globe including the east coast

of Asia (Hu et al, 2000; Meehl et al,

2009).

Several recent studies using the IPCC
AR4  scenario  have identified possible
causes for the increase in  sumnmer

precipitation over East Asia. Kimoto (2005)
attributes the increased activity of East
Asian  monsoonal  rain band to  the
strengthening of the anticyclone cells and
inflow of subtropical moist air. Another
possible cause for the increase in summer
precipitation is an El MNino—like 55T pattern
in the future due to the increase in 33T Iin
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the eastern equatorial Pacific (Boer et al.,
2004; Kurihara et al., 2005). Thus the 35T
change around the equatorial Pacific region
will resemble that of an El Nino event.
During such an event, the subtropical high
pressure to the south of Japan intensifies,
due to the shift of warm water over the
western Pacific towards east. Along the rim
of the high—pressure anomaly precipitation
is projected 1o increase due to  the
intensified horizontal flux of water wvapor.
The areas falling in the region of intensified
water wvapor flux from the southwest
direction will receive increased precipitation
(Kurthara et al., 2005).

Tanaka et al. (2005) compared the
intensities and trends of Hadley, Walker, and
Monsoon Circulations of the PCC  20%
century simulations and for the 21% century
projections, using upper troposphere velocity
potential data. Significantly weaker biases in
Walker and WMonsoon circulations for the JTA
climate in the IPCC 20" century simulations
were noted. Analyses of the IPCC 21%
century projections to investigate the trends
of these tropical circulations in response to
the projected global warming — showed that
Hadley, Walker and Wonsoon circulations are
weakened by 9, 8 and 14 % respectively
by the late 21%century according to the

ensemble mean of the IPCC model
projections (Tanaka et al, 2005). A
contradictory  fact of increasing Indian

monsoon rainfall due to the global warming
was explained by the increasing precipitable
water in the monsoon area, despite the
weakening monsoon  circulation  in the
warmer than present climate Kitoh et al.,
1997).

Min et al. (2004) examined future climate
changes over East Asia using selected

coupled models based on IPCC SRES AZ
and BZ scenarios. The overall projection
results from MMEs show that East Asia will
experience wetter climate in the 21%
century. Spatial patterns indicate that
precipitation increases are larger over
continental area than the oceanic area.
Climate change over East Asia has a
characteristic seasonal dependence, with
larger increases of summertime precipitation
(Min et al., 2004, 2006].

Ueda et al. (2006) examined the response
of the Asian summer monsoon (ASM to a
transient increase in future anthropogenic
radiative  forcing by multi—modsl  global
warming experiments. Most models show
that in Asia the summer monsoon rainfall
increases significantly with global warming.
Enhanced moisture transport over the ASM
region., associated with the increased
moisture source from the warmer Indian
Ocean, leads to larger moisture flux
convergence, which is responsible for the
intensification of the mean rainfall.
FPronounced warming over the tropics in the
middle—to—upper troposphere causes a
reduction in the meridional thermal gradient
in the Asian region, which is consistent
with the weakened monsoon circulation and
eastward shift of the Walker circulation
(Ueda et al., 2006).

In summary the above studies indicate the
possible intensification of the subtropical high
and the associated moisture flux towards the
land areas as a factor for increase in summer
precipitation over East Asia in the warming
condition. Based on selected models the
impact of CCe doubling 15 examined on the
NPSH. Three representative models with
varying percent changes in precipitation are
selected. While model car projects a minimum

_20_



R. H. Kripalani, J. H. Oh and H. S. Chaudhari

change of —0.6 % model wukc projects a
maximurn  increase of 14 % Model mf

JIA BLP 1pcito2x—20e3im
enr

projects an increase of 4.8 %.

6. Impact on North Pacific Subtropical
High
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140" W) are well captured by these models changes are insignificant. This model
(Fig. 7). projects an overall decrease in summer
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precipitation. However, an intensification of
the NP5H with anomalies of the order of 0.4
to 0.6 hPa is indicated for the mz model.
The negative anomalies from east coast of
China up to the Korea—Japan peninsular may
indicate intensification of the Melwu—
Changma—SBaru front. While the changes over
the western edge of the MNPSH appear
significant, changes associated with the front
are insignificant. This model shows an
overall increase of 4.8%. The maximum
intensification of the MNP3H is also projected
by wke (1.6 to 2.0 hPal. Besides the
intensification the NF5H is also projected to
extend westwards (anomalies of 1.6 hPa
around 20° N 130° E). The extension
acts conducive for monsoon rainfall over
East Asia as discussed in section 3. Again
the negative anomalies from south China up
to the Korea—Japan peninsula may amplify
intensification of the Meiyvu—Changma—Baru
front. The changes in the NPSH and the
frontal zone are significant. Thus the
projected changes in the amount of
precipitation are directly proportional to the
projected changes 1in the strength and
shape of the NP3H, and possibly to the
intensification of the Meryy—Changma—Baru
front.

7. Summary

Some basic rainfall features over East
Asia simulated during the 20% century by
the coupled climate models in the IPCC
AR4  database are investigated. Kealistic
simulation of the precipitation fields over
regional scales is a very challenging task.
Even though the coupled climate modeles
used in this study did not prescribe 35Ts
to simulate pre—industrial climate they

perform reasonably well in simulating the
regional precipitation characteristics. Most
of these newest generations of models do
not employ flux adjustments, vet the rates
of "climate drift" they exhibit are within the
bounds for useful model simulation on time
scales century or more. These
developments represent significant progress
in the state of the art of climate modeling
since the second and third IFCC reports
(Covey et al., 2008). An overall summary
of the analysis undertaken in this study is
as follows:

(i) The MME annual cycle resembles the
observed reasonably well with maximum
during summer monscon period. However,
models are unable to capture the minimum
in July with peaks in June and August
associated with the northward shifts of the
Meiyu—Changmia—Bain  frontal zone. The
inter—model wvariation is slightly larger
during summer, implying larger diversity of
the medels in simulating summer mensoon
precipitation.

(i) The broad spatial summer monsoon
precipitation  pattern 18 well  captured
including the Meryu—Changma —Bam frontal
zone and the NPSH. However results reveal
underestimation of  precipitation  during
summer, in particular over the east coast of
China, Korea—Japan peninsular and the
adjoining west Pacific oceanic region. This
could be related with the mass—flux based
moist  convective  adjustment  schemes
emploved by majority of the models for
precipitation parameterization. The inter—
model variation of precipitation is about 2
times stronger south of 30" N, than north of
this latitude, indicating the larger diversity
of the coupled models in simulating low
latitude precipitation.

of a
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The WMME technique suggests significant
increases in precipitation of about 10 %
over Korea—Japan peninsular  and  the
adjoining north China region and as a whole,
precipitation is projected to increase by 7.8
%%, which is higher than the observed CV
(8.7 %). The projected changes in summer
precipitation  are  associated with  the
projected changes in the NP5H. Increase in
the amount of precipitation i3 directly
proportiona to the increase in the strength
of the NP3H and possibly to the
intensification of the Mevur—Changma—Bam
front. The length of the rainy summer season
13 projected to elongated. The lengthemng of
the summer monsocon period could have
implications for water resources management
and for adapting to possible new agricultural
practices. The stabilization run indicates that
the changes in precipitation could be
stabilized if the emissions in CO: are
controlled.
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