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ABSTRACT

Future changes in the East Asian summer monsoon (EASM) have been estimated from the six best-

performing models in phase 3 of the Coupled Model Intercomparison Project (CMIP3) included in the

Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC). The com-

posite mean rainband over East Asia during the summer season exhibits the characteristic EASM front

relatively well with slightly less precipitation over east–central China and the baiu front aligned more steeply

in the latitudinal direction. An ensemble from the coupled models that poorly simulated the EASM is shown

to degrade the overall results, giving rise to an underestimation of the projected increase rate in precipitation.

In a quantitative estimate, the 22-member ensemble-mean precipitation for the period 2079–99 is anticipated

to increase by only 5%–10%, which is half the increase in the corresponding mean precipitation from the good

models (10%–20%).Moisture budget analysis demonstrates that the good-model ensemblemean is in amuch

closer correspondence with observations than the poor- or all-model ensemble mean, supporting the reliable

selection of the best-performing models. An increase in the vertically integrated moisture flux convergence is

attributed to the enhanced precipitation in the future climate. In particular, a significant increase in atmo-

spheric water vapor because of a warmer SST over the western Pacific plays a more critical role in the en-

hanced precipitation than a change in monsoonal low-level circulation does. In contrast to the apparent

meridional shift of the primary location of the future EASM front presented in previous studies, the current

analysis shows a negligible amount of meridional movement.

1. Introduction

East Asian summer monsoon (EASM) projections for

future climate changes, determined using phase 3 of

the Coupled Model Intercomparison Project (CMIP3)

models, have been investigated in many previous studies

(e.g., Kitoh and Uchiyama 2006; Min et al. 2006; Zhou

and Yu 2006; Kripalani et al. 2007; Lu et al. 2007; Chen

and Sun 2009; Lu and Fu 2010; Kusunoki et al. 2011;

Kusunoki and Arakawa 2012). The monsoonal rainfall

in the entire East Asian region is expected to inten-

sify owing to global warming. For example, Min et al.

(2006) showed that the precipitation increase over

East Asia in the twenty-first century (21C) would be

greater than the increase in the global-mean precipi-

tation. Kripalani et al. (2007) demonstrated an ;8%

increase in precipitation over Korea, Japan, and central

and northern China. This increase is mainly attributed to

enhanced moist southerly flows over coastal East Asia

(Lu et al. 2007). However, most previous approaches

to assessing future changes in the EASM under global

warming scenarios analyze either one specific model

or a grand ensemble from all available models and thus

are subject to uncertainties created through various in-

terpretations, depending on the choice of models or

datasets. Therefore, selection of the climate models that

simulate the EASM realistically is required prior to as-

sessment to determine the ensemble mean using only

best-performing model outputs.

The objective of the present study is to select the best-

performing models and to predict the future changes in

the EASM with enhanced credibility using 22 CMIP3

models introduced in the Intergovernmental Panel on

Climate Change (IPCC) Fourth Assessment Report

(AR4). These models are compared with an all-member

ensemble and ensembles frompoorly performingmodels.

The current analysis technique, simple but very effective,
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will provide better assessment of EASM change in the

future climate.

2. Datasets and methods

Primary observational datasets include that from the

Climate Prediction Center (CPC) Merged Analysis of

Precipitation (CMAP; Xie and Arkin 1997) and the Na-

tional Centers for Environmental Prediction/Department

of Energy (NCEP/DOE) Reanalysis-2 (Kanamitsu et al.

2002). For the model data, we used the World Climate

Research Programme (WCRP) CMIP3 multimodel da-

tasets collected and archived by the Program for Cli-

mate Model Diagnosis and Intercomparison. The list

and properties of the 22 atmosphere–ocean coupled

general circulationmodels (AOGCMs) are found online

(http://www-pcmdi.llnl.gov/ipcc/model_documentation/

ipcc_model_documentation.php).

Each dataset differs in horizontal grid points and time

intervals; therefore, for ease of comparison, the datasets

are interpolated into a 2.58 3 2.58 horizontal grid for

21-yr periods from 1979 to 1999 using a bilinear inter-

polation method and are then compared with observa-

tional results. Future climate data are also prepared for

21-yr periods of 2079–99 using the Special Report on

Emissions Scenarios (SRES) A1B simulations. The do-

main of the East Asian region is defined as 208–508N and

1008–1808E. All analyses are conducted for the boreal

summer season [June–August (JJA)]. All variables used

in this study are monthly-mean data.

Summertime-mean precipitation from simulations of

CMIP3 models over the EASM region is evaluated for

the current climate (1979–99) to select the best models.

Climatological-mean and interannual standard devia-

tion distributions are compared with observations using

a Taylor diagram (Taylor 2001), which provides a con-

cise statistical summary of the degree of correlation,

root-mean-square difference, and variance ratio. Only

models selected through this procedure are used to de-

termine the best future projections of the EASM.

3. Model performance

a. Classification of the 22 AOGCMs

It has been recognized that poorly selected models

degrade the overall skill of weather and climate fore-

casts in an ensemble-mean approach (Krishnamurti

et al. 2000). To distinguish good and poor models from

the 22 CMIP3 models (model expansions provided in

Table 1), two Taylor diagrams are used on the basis of

the composites of climatological-mean field (Fig. 1a)

and interannual standard deviation field (Fig. 1b) for

summer-mean precipitation in the EASM region. Since

mean and variance explain much of the basic features

inherent in climate variability, the first two moment

statistics are used. The following three criteria are ap-

plied to select highly or poorly performing models: 1)

the pattern correlation (i.e., the cosine of the azi-

muthal angle in a polar coordinate in the figure) in the

TABLE 1. Acronyms for the 22 CMIP3 models and their expansions.

Model Expansion

BCM2 Bergen Climate Model, version 2

CCSM3 Community Climate System Model, version 3

CNRM-CM3 Centre National de Recherches Météorologiques Coupled Global Climate Model, version 3

CSIRO MK 3.0 Commonwealth Scientific and Industrial Research Organisation Mark, version 3.0

ECHAM5 —

ECHO-G ECHAM and the global Hamburg Ocean Primitive Equation

FGOALS-g1.0 Flexible Global Ocean–Atmosphere–Land System Model gridpoint, version 1.0

GFDL CM2.0 Geophysical Fluid Dynamics Laboratory Climate Model, version 2.0

GFDL CM2.1 Geophysical Fluid Dynamics Laboratory Climate Model, version 2.1

GISS-AOM Goddard Institute for Space Studies, Atmosphere–Ocean Model

GISS-EH Goddard Institute for Space Studies Model E-H

GISS-ER Goddard Institute for Space Studies Model E-R

HadCM3 third climate configuration of the Met Office Unified Model

HadGEM Hadley Centre Global Environmental Model, version 1

INM-CM3 Institute of Numerical Mathematics Coupled Model, version 3

IPSL CM4 L’Institut Pierre-Simon Laplace Coupled Model, version 4

MIROC3.2(hires) Model for Interdisciplinary Research on Climate, version 3.2, high-resolution

MIROC3.2(medres) Model for Interdisciplinary Research on Climate, version 3.2, medium-resolution

MRI CGCM2.3.2 Meteorological Research Institute Coupled General Circulation Model, version 2.3.2

MRI CGCM3.1 T47 Meteorological Research Institute Coupled General Circulation Model, version 3.1, T47 resolution

MRI CGCM3.1 T63 Meteorological Research Institute Coupled General Circulation Model, version 3.1, T63 resolution

PCM1 Parallel Climate Model, version 1
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climatological-mean field (Fig. 1a) should be greater

(less) than 0.6 for a good (poor) model; 2) in the in-

terannual standard deviation field (Fig. 1b), the pattern

correlation should be greater than 0.6 and the spatial

standardized deviation ratio (the spatial standard de-

viation normalized by the observed spatial standard

deviation) should be within the range of 1.00 6 0.25 for

a good model; 3) in the interannual standard deviation

FIG. 1. Taylor diagram analysis of JJA-mean precipitation over the EASM region during the

period of 1979–99 for 22 AOGCMs. (a) Provides the composites of climatological-mean field

and (b) gives the interannual standard deviation field.
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field (Fig. 1b), the spatial standardized deviation ratio

should be outside of 1.00 6 0.25 for a poor model. Note

that these criteria tend to put more weights on the cor-

relation skill in the climatological-mean field.

According to the above criteria, six each of highly and

poorly performing models, represented in both figures

by red and blue open circles, respectively, are selected.

The good models include ECHAM5, CNRM-CM3,

MIROC3.2(hires), GFDL CM2.1, GFDL CM2.0, and

HadCM3; poormodels includeCSIROMK3.0,GISS-ER,

GISS-EH, PCM1, FGOALS-g1.0, and CCSM3. The

ECHO-G model is categorized as a good model, but

future climate data are not available so it is excluded

in the calculation of further statistics. Also, although

HadGEM shows relatively similar pattern correlations

in the seasonal mean and interannual standard deviation

of precipitation as those of the good models, it is not

selected because the spatial standard deviation ratio

(ordinate in Fig. 1a) is excessively high. This large spatial

standard deviation ratio is related to a wet model bias.

A previous study showed that this model had the largest

wet bias in summer precipitation over the East Asian

region among the 23 CMIP3 models participating in

AR4 (Kim et al. 2008).Most of the selected goodmodels

exhibit the spatial standardized deviation ratios located

closer to unity (reference line) than the poor models do.

Note that a posterior sensitivity test shows that addition/

exclusion of one or two models in the ensemble model

groups does not affect the main conclusions drawn in

this study. Temporal variation information, such as a

trend, is not used as one of selection criteria because to

some extent, all climate models tend to underestimate

the observed increasing trend of precipitation.

b. Present-day climate simulations

Figure 2 shows the summer-mean precipitation, 850-hPa

moisture flux and its magnitude, and surface air tem-

perature for observation and ensembles of the 22 models,

the good models, and the poor models. In Fig. 2a,

the observed pattern of precipitation is characterized

by a prominent rainband associated with the mei-yu–

hangma–baiu front from the southeastern part of China

through the Korean Peninsula to Japan. Meanwhile, the

22-AOGCM ensemble mean shows lower rainfall inten-

sity over the major band, as similarly shown in Kripalani

et al. (2007). On the contrary, the good-model en-

semble mean captures the intensity and pattern of

the major rainband more realistically. The poor-model

ensemble-mean rainfall shows a stronger underesti-

mation than that of the good- and 22-member ensembles.

It should be noted, however, that even the good-model

ensemble mean shows less precipitation over the East

Asian region than the observation, corresponding to

a degeneracy of dry bias present in the contemporary

AOGCMs.

Figure 2b shows the patterns of 850-hPa moisture flux

vector (qVH , where q and VH are specific humidity and

horizontal wind vector, respectively) and its magnitude:

the intensity and direction of which are effectively sim-

ulated by the good-model ensemble mean, especially in

southern Japan; other ensemble means underestimate

the moisture transport from the northern South China

Sea. This deficiency is closely related to a weaker in-

tensity in simulated precipitation, shown in Fig. 2a.

Figure 2c shows the composite surface air temperature

fields. The basic seasonal pattern of surface air tem-

perature, in which the land is significantly warmer than

the ocean, is relatively well reproduced by each of the

three ensemble means; however, the good ensemble

mean showed excellent reproducibility in east China

(Fig. 2c). In addition to the moisture flux and surface

air temperature, structures and intensities of sea level

pressure and upper-level jet stream are also better rep-

resented in the good-model ensemble (not shown) than

in other ensemble groups. Therefore, it is of interest to

note that, even if the selection of good models is based

solely on precipitation, other thermodynamic and dy-

namic fields composited from the good models all show

much more realistic spatial patterns than those of the

22-member or poor-model ensemble mean.

4. Results of future climate simulations

Future precipitation projections over East Asia for

each ensemble group under the IPCC A1B scenario are

presented in Fig. 3. Two important issues related to

changes in precipitation intensity and location are mainly

examined for the 21-yr period 2079–99. It is evident that

the pattern of the East Asian precipitation under the

global warming scenario (Fig. 3a) is similar to present-

day climate patterns (Fig. 2a); however, the magnitude

of the major rainband along the EASM front is strength-

ened, as discussed in previous studies (e.g., Min et al. 2004;

Kimoto et al. 2005; Min and Jhun 2010). The difference

field between present and future climate (not shown)

demonstrates a prominent increase in precipitationmainly

along the changma–baiu front. In relation to mei-yu,

enhanced rainfall occurs over south China and Taiwan,

whereas a very slight decrease in precipitation is ob-

served in the central China. Predictions based on the

good-model ensemble include a statistically significant

increase of precipitation by about 10%–20% over the

major rainband region (Fig. 3b), whereas an increase

rate in the all-member ensemble precipitation is 5%–

10% with the statistically significant area concentrated

only over the North Pacific Ocean (Fig. 3c). Kusunoki
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andArakawa (2012) have investigated future changes in

June–July precipitation intensity using CMIP3 simula-

tions (their Fig. 7d). The overall pattern of precipitation

changes is very similar to this study with an increase of

precipitation over most of the EASM region, except for

central China, where precipitation is projected to de-

crease. In particular, in both studies, the local peak areas

in precipitation increase greater than 20% are seen over

the Yellow Sea west of the Korean Peninsula and the

Japan Sea south of Kuril Islands. However, over the

baiu region (258–358N), our increase rate in the future

is greater than their result by more than 5%. This dis-

crepancy may be because of the different selection of

models and analysis period used. On the other hand, the

poor-model ensemble (Fig. 3d) shows a very different

increase pattern than the good-model ensemble. The

largest increase rate is located south of the major frontal

band and the statistical significant region appears over

the North Pacific.

Therefore, the increase rate in precipitation projected

from the good models is twice greater than that from the

22-member ensemble over the main frontal band. We

will show later using moisture budget analysis how

similar or dissimilar the selected model groups are rel-

ative to observation.

The pattern of cumulus convective precipitation un-

der global warming is similar to that of the total pre-

cipitation (Fig. 3e), and it amounts to approximately

50% of the total summer precipitation in the EASM

region. The cumulus convective precipitation from the

good-model ensemble suggests an increase of 10%–30%

over the major monsoonal rainband and of 50% near

Korea and its neighboring western sea (Fig. 3f). Note

that the projected increase in the convective precipitation

FIG. 2. Distribution of JJA-mean (a) precipitation (mm day21), (b) moisture flux (vector) and its magnitude (shading) at 850 hPa

(g kg21 m s21), and (c) surface air temperature (8C) over the EASM region for the present climate conditions (1979–99) for observation

and 22-model, good-model, and poor-model ensemble means.
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over the central North Pacific is as high as 20%–50%,

but this region generally attains only a small convective

precipitation amount, limiting the significance of this

increase rate. A comparison with Fig. 3b demonstrates

that the cumulus convective precipitation increase is

significantly greater than the total precipitation, imply-

ing that the change in the total precipitation is mainly

due to the enhancement of cumulus convective activity

(Min and Jhun 2010). Except for a moderately lower

increase rate, the all-member ensemble-mean patterns

are essentially similar to those of the good-model en-

semble (Fig. 3g). An increase in the poor-model en-

semble mean appears outside of the main monsoonal

rainband (Fig. 3h).

Moisture flux over the EASM domain from the good

models is also projected to significantly intensify in the

future (Fig. 3i), with a maximum increase rate of 60%

over the present climate along the major rainband (Fig.

3j). However, the all-member ensemble mean shows

only a 10%–20% increase rate (Fig. 3k). The moisture

FIG. 3. Distribution of JJA-mean total precipitation (mm day21), cumulus convective precipitation (mm day21), and moisture flux and

its magnitude at 850 hPa (g kg21 m s21) for the period of 2079–99 under the A1B scenario. (a),(e),(i) Spatial patterns of future pre-

cipitation from the good-model ensemble; (b),(f),(j) fractional increase rates (%) for the good-model ensemble; (c),(g),(k) fractional

increase rates (%) for the all-member ensemble; and (d),(h),(l) fractional increase rates (%) for the poor-model ensemble. The red line is

an increase rate and gray shading denotes the confidence level. Student’s t test is used.
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flux in the poor-model ensemble is statistically insig-

nificant (Fig. 3l). Therefore, the moisture flux in the

good model is 30%–50% more than that suggested by

the 22-member mean. Thus, the use of an all-member

ensemble mean or grand multimodel ensemble mean

without prior determination of nicely and poorly per-

forming models tends to underestimate the strength of

precipitation, particularly convective precipitation and

low-level moisture flux.

One of the most crucial factors for enhanced pre-

cipitation in the future is considered the enhanced

moisture flux qVH seen in Fig. 3i. To investigate the

relative importance, the future changes in q and VH are

computed. Figure 4 shows differences in specific hu-

midity and wind magnitude between the future and

present climate (top panels). Their fractional percent-

age increase rates relative to the present climate are

shown in the bottom panels. As can be seen in water

vapor (Fig. 4a), a more than 40% increase is evident in

the future climate relative to the present-day climate.

The increase occurred in the whole domain is statisti-

cally significant at 1%. This increase of water vapor is

primarily due to a ;2.58–48C increase in the SST over

the vast western Pacific, including the EASM region

under the warm climate (Fig. 4c). By contrast, low-level

horizontal winds are simulated to increase in the future

only by less than 10% (Fig. 4b), which is not statistically

significant at a level of even 15%. This insignificant

change in the strength of horizontal winds is consistent

with a negligible change in sea level pressure over the

EASM region (not shown). Therefore, the robust feature

of the strengthenedmoisture flux in Fig. 3i resultsmainly

from an increase in the amount of atmospheric water

vapor in the warm environment not from the slightly

strengthened southwesterlies.

One may ask if the precipitation change projected by

the good-model ensemble is statistically different from

that by the poor-model ensemble or all-model ensem-

ble. Figure 5a shows the difference between the future

changes in precipitation estimated from the good-model

ensemble and poor-model ensemble. Shading denotes

the significant region at levels of 5% and 10% estimated

using Student’s t test. As can be seen, the difference

occurs mainly along the major rainband with the future

precipitation increase from the good-model ensemble

statistically different from that of the poor-model en-

semble. A comparison with the future change from the

all-model ensemble (Fig. 5b) shows much reduced dif-

ference between the two model groups since the good-

model results are also used for the all-model ensemble;

however, it still shows a statistically significant difference.

Therefore, our selection of the good models is proven

very reliable and provides statistically meaningful dif-

ferences in the estimation of the future precipitation

change.

To estimate important processes for the production of

precipitation along the monsoon front in a more quan-

titative manner, the water vapor budget equation is

analyzed (i.e., Yoon and Chen 2005; Hsu et al. 2012;

Seager et al. 2010). This also provides a useful insight as

to why the selected good models outperform the rest of

models over the EASM region. The moisture budget is

FIG. 4. Future changes in JJA-mean (a) specific humidity at 850 hPa (g kg21), (b) horizontal wind at 850 hPa (m s21), and (c) sea

surface temperature (8C) for the good-model ensemble mean. (top) The future change (21C2 20C) and (bottom) the fractional change

rates [(21C 2 20C)/20C] (%) relative to the present-day climate.
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calculated as follows for the region of the major mon-

soonal rainband (268–468N, 1148–1518E):

›w

›t
1 h$ � (qVH)i5E2P1Res, (1)

wherew is precipitable water (total columnwater vapor),

h i denotes a vertical integration from 1000 to 100 hPa,

P is precipitation, and E is evaporation from the sur-

face, and Res is residual. The residual includes com-

putational errors, submonthly contributions, biases in

the data assimilation system, and inconsistency be-

tween the NCEP/DOE reanalysis and CMAP data.

The time rate of change of water content is calculated by

the centered finite difference scheme. The second term

in (1) can be further broken up into contributions from

horizontal dry advection VH � $q and moisture diver-

gence associated with mass divergence q$ �VH . Figure 6

shows the estimated values of each term for the obser-

vation and good, poor, and all-model ensemble means.

The most prominent features of the moisture budget

analysis are summarized:

1) The individual terms of (1) for the good-model

ensemble mean are most similar (even though

slightly underestimated) to those of the observation,

supporting the credible selection of the best-performing

models.

2) The poor-model ensemble mean has the largest

differences with the observation. While the observa-

tion and other ensemble groups show moist advec-

tion, this ensemble mean shows an opposite sign

and moisture divergence is too small. In addition, it

shows overly strong evaporation. Representation

of moisture flux convergence and evaporation in

the model is problematic, giving rise to much less

precipitation.

3) Therefore, a projected change in precipitation in

future climate estimated from the selected good

models is more reliable than that from the poorly

performing models or all-member ensemble mean.

4) Among the two components that comprise moisture

flux convergence 2$ � qVH (which produces rainfall

along the monsoon front), positive moisture advec-

tion 2VH � $q is greater than moisture convergence

associated with mass convergence2q$ �VH by about

20%–30% inboth the observation and the good-model

ensemble mean. However, the moisture convergence

is expected to increase about twice more than the

moisture advection in the future climate. This is

because of a strong increase in the amount of water

vapor (by more than 40%) from an enhanced evap-

oration in the warm climate not to the slightly in-

creased southwesterlies or their convergence as shown

in Fig. 4.

Along with these results, the statistically significant

differences between the good-model ensemble and the

poor-model ensemble or all-model ensemble (shown in

Fig. 5) explain why the good-model ensemble estimates

a more enhanced rainfall in the EASM region in the

future with sufficient credibility than the poor-model

ensemble or all-model ensemble does.

Previous studies demonstrated an apparent meridio-

nal movement of the monsoonal band and particularly

a northward shift of the monsoonal convergence zone

in the future (e.g., Min et al. 2004; Kimoto 2005). In

contrast, Li et al. (2010) used 14 AOGCMs to show

a southward shift of the EASM-related major circula-

tion components in a warming climate. On the basis of

FIG. 5. Statistical significance test of JJA-mean precipitation (mm day21) for (a) the difference between good-

model ensemble change (21C2 20C) and poor-model ensemble change (21C2 20C) and (b) the difference between

good-model ensemble change (21C 2 20C) and all-model ensemble change (21C 2 20C). The red line is the dif-

ference between ensemble groups and gray shading denotes the confidence level. Student’s t test is used.
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this southward shift, precipitation in the northern part

of the Korean Peninsula is projected to decrease in the

20-km mesh atmospheric GCM simulation (Yun et al.

2008). In the current study, we examine the possible

meridional shift of the monsoon front using the selected

good models and estimate the major frontal band by

connecting the local maximum precipitation intensities

for these models only. As shown in Fig. 7, the major

rainbands do not exhibit significant differences between

the present and future climates. In contrast to that

demonstrated in previous studies, only a very slight

northward shift is observed in the baiu region near

Tokyo. Our analysis reveals that a considerable merid-

ional shift of the monsoonal front is not expected to

occur in the future. The same estimation has been con-

ducted for the period of only June and July, representing

FIG. 6. JJA-mean moisture budget for (a) the present-day climate (20C) and (b) future

change (21C 2 20C) for observation and good-model, poor-model, and all-model ensemble

means over the major rainband region. All units are millimeters per day.
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baiu season in Japan. The monsoonal rainband exhibits

no significantmeridional shift (not shown), similar to the

above JJA result.

5. Summary and discussion

Future changes in the EASM have been estimated

from the six best-performing CMIP3 models. The com-

posite mean rainband over East Asia during the summer

season in thesemodels exhibits the characteristic EASM

front relatively well with slightly less precipitation over

east–central China. In addition, the baiu front is aligned

more steeply in the latitudinal direction. The composite

analysis results from this strategy differed significantly

from the all-member ensemble mean. In addition, mois-

ture flux and temperature fields (and other fields not

shown in this paper, such as sea level pressure and upper-

level circulation patterns) composited from the good

models that are selected solely on the basis of pre-

cipitation show more realistic distributions than the

22-model ensemblemean or poor-model ensemblemean,

indicating the effectiveness of our approach. Models

that poorly simulated the EASM degrade the overall

results. A major degradation is the underestimation of

the projected increase in precipitation. That is, the all-

member ensemble-mean precipitation anticipates an

increase of only 5%–10% for the period of 2079–99;

however, the correspondingmean precipitation increase

rate from the good models, 10%–20%, is twice that rate.

In the future, cumulus convective precipitation is ex-

pected to increase more strongly (10%–50%) due to an

increase in convective instability (not shown) than the

precipitation from large-scale condensation.

To estimate important processes for the enhanced

precipitation along the monsoon front under the warm

climate in a more quantitative manner, a moisture budget

equation is analyzed. The individual terms (water con-

tent tendency, moisture advection, moisture divergence,

precipitation, evaporation, and residual) composing the

budget equation exhibit much better correspondence

with observations in the good-model ensemble mean

than in the poor- or all-model ensemble mean over the

EASM region, supporting the robust results from the

best-performingmodels. The poor-model ensemble mean

shows the considerable deficiency in simulating moisture

flux convergence, in particularmoist advection, leading to

an unrealistic precipitation structure. In the future cli-

mate, the vertically integrated moisture flux convergence

2$ � qVH increases by;15%, which is mainly attributed

to enhanced precipitation over the EASM region (Figs. 3

and 6). The increase by moisture convergence2q$ �VH

is twice greater than that by moist advection 2VH � $q.
Of the two contributions of increased water vapor con-

tent and convergence by low-level winds, the increase of

atmospheric water vapor caused by a ;2.58–48C in-

crease in the SST over the vast western Pacific plays

a more critical role in the enhanced precipitation in the

future climate than a change in the low-level circulation.

In contrast to the apparent meridional shift of the

primary location of the future EASM front described in

previous studies, the current analysis shows negligible

meridional movement in the future. On the other hand,

we have analyzed the EASM change for the near future

(2020–40) using the same method. Results show overall

patterns similar to those during the last two decades of

the twenty-first century with only weaker intensity.

Precipitation is expected to increase by 5%–10%, cu-

mulus convective precipitation is expected to increase

by 5%–15%, andmoisture flux is expected to increase by

15%–30%.

The current study suggests that downscaling of the

local precipitation changes should be performed with

FIG. 7. JJA-mean precipitation (mm day21) at each grid point for (a) the present-day climate and (b) the future

climate. The white line denotes an estimated monsoonal rainband in the good-model composite for present climate

conditions; the blue line represents that for the future climate.
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only climate models that simulate precipitation variabil-

ity reasonably well. This strategy will lessen the burden

on the estimation of regional or local precipitation

changes in future climates (Joseph and Nigam 2006).
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