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ABSTRACT

Future changes in the East Asian summer monsoon (EASM) are estimated from historical and Repre-
sentative Concentration Pathway 6.0 (RCP6) experiments of the fifth phase of the Coupled Model In-
tercomparison Project (CMIPS5). The historical runs show that, like the CMIP3 models, the CMIP5 models
produce slightly smaller precipitation. A moisture budget analysis illustrates that this precipitation deficit is
due to an underestimation in evaporation and ensuing moisture flux convergence. Of the two components of
the moisture flux convergence (i.e., moisture convergence and horizontal moist advection), moisture con-
vergence associated with mass convergence is underestimated to a greater degree.

Precipitation is anticipated to increase by 10%-15% toward the end of the twenty-first century over the
major monsoonal front region. A statistically significant increase is predicted to occur mostly over the Baiu
region and to the north and northeast of the Korean Peninsula. This increase is attributed to an increase in
evaporation and moist flux convergence (with enhanced moisture convergence contributing the most) in-
duced by the northwestward strengthening of the North Pacific subtropical high (NPSH), a characteristic
feature of the future EASM that occurred in CMIPS simulations. Along the northern and northwestern flank
of the strengthened NPSH, intensified southerly or southwesterly winds lead to the increase in moist con-
vergence, enhancing precipitation over these areas. However, future precipitation over the East China Sea is
projected to decrease. In the EASM domain, a local mechanism prevails, with increased moisture and
moisture convergence leading to a greater increase in moist static energy in the lower troposphere than in the

VOLUME 26

Assessing Future Changes in the East Asian Summer Monsoon Using CMIP5

upper troposphere, reducing tropospheric stability.

1. Introduction

The East Asian summer monsoon (EASM) is one of
the most important large-scale circulation systems that
impact the climate and weather in the East Asian region.
Future projections of precipitation associated with the
EASM in a warming climate have been examined in
many previous studies using coupled models from the
Intergovernmental Panel on Climate Change (IPCC)’s
third phase of the Coupled Model Intercomparison
Project (CMIP3) (e.g., Kitoh and Uchiyama 2006; Min
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et al. 2006; Zhou and Yu 2006; Kripalani et al. 2007; Lu
et al. 2007; Chen and Sun 2009; Lu and Fu 2010;
Kusunoki and Arakawa 2012; Seo and Ok 2013). The
summer monsoonal rainfall over central and northern
China, the Korean Peninsula, and Japan is expected to
increase by 8%-20% near the end of the twenty-first
century owing to global warming (Min et al. 2006;
Kripalani et al. 2007; Kusunoki and Arakawa 2012; Seo
and Ok 2013). This increase is mainly attributed to en-
hanced moist southerly flows over coastal East Asia (Lu
et al. 2007).

Recently, several studies presented future projections
of the East Asian monsoon using the CMIP5 models.
For example, Lee and Wang (2013) demonstrated that
the significant increase in summer precipitation over the
entire Asian monsoon region is mainly attributable to
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the enhancement and westward extension of the North
Pacific subtropical high and significant increase of at-
mospheric moisture over the region, and Hsu et al.
(2012) showed that most models in the CMIP3 and
CMIPS project an increase of global monsoon area and
precipitation under global warming mainly attributable
to the increases of moisture convergence and surface
evaporation. These studies examined the global mon-
soon approach, but here we present future projections of
the EASM in more detail. The models used in their work
and the current study are not the same, so different re-
sults may appear. For example, Lee and Wang (2013)
suggested a westward shift of the Pacific subtropical
high, whereas our result shows a northwestward shift,
so an increase in precipitation is prominent to the north
of the Korean Peninsula (~38°-48°N, 120°-140°E).
Moreover, both studies used the representative con-
centration pathway 4.5 (RCP4.5) simulations that have
radiative forcing equilibrium about 4.5W m ™2, while
we analyze the simulations from the future climate
scenario based on representative concentration path-
way 6.0 (RCP6) because its CO, concentration is most
similar to the Special Report on Emissions Scenarios
(SRES) A1B, which was the mostly used scenario for
the analysis of future climate in many previous studies.
More detailed information about the scenario can be
found in section 2.

The objectives of the present study are 1) to compare
the performance of CMIP5 models with CMIP3 models
associated with the EASM, which is done using a skill
score estimated from correlation and normalized stan-
dard deviation, 2) to investigate future projections of the
EASM with enhanced credibility using good models
selected among 23 CMIPS5 models, under the RCP6
scenario, and 3) to examine the major physical factors in
future changes in the EASM.

2. Datasets and methods

In this study, two main observational datasets are
used: the Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP) (Xie and Arkin 1997)
and the National Centers for Environmental Prediction—
Department of Energy (NCEP-DOE) Reanalysis-2
(Kanamitsu et al. 2002). For the model data, we use the
World Climate Research Programme’s CMIPS multi-
model datasets.

The historical run (consistent with observations) was
made with changing conditions in atmospheric com-
position because of anthropogenic and volcanic in-
fluences, solar forcing, emissions or concentrations of
short-lived species and natural and anthropogenic aero-
sols or their precursors, and land use (Taylor et al. 2012).
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For ease of comparison, the datasets are interpolated into
a2.5° X 2.5°longitude-latitude grid for the 21-yr periods
from 1979 to 1999.

For future climate projection, we used the RCP6
simulation because its CO, concentration is most similar
to the SRES A1B under the IPCC Fourth Annual Re-
port. RCP6 assumes that the target radiative forcing will
increase and then stabilize at about 6.0 Wm™? after
2100. For all experiments (historical run and RCP6 run),
the first ensemble member (rlilpl) was used in our
analysis. The RCP6 simulations for the 21-yr periods
from 2079 to 2099 are used. All data analyzed are
monthly data.

The major East Asian monsoon region is defined as
25°-50°N and 100°E-180°. All analyses are conducted
for the boreal summer season [June—August (JJA)]. To
examine the overall performance of CMIP5 models
compared to CMIP3 models and exclude the poorly
performing models in simulating precipitation fields,
the Taylor (2001) analysis is performed for climato-
logical summer mean and interannual standard de-
viation distributions.

A measure of skill score § for precipitation is calcu-
lated as

g 41+ R) ’ (1)

(r+ 2y

where R is the pattern correlation between observation
and simulation, o is simulated spatial standard deviation
divided by that of observation (so it is normalized spatial
standard deviation), and Ry is an achievable maximum
correlation (here set as 1). Therefore, S evaluates both
the pattern correlation and normalized spatial standard
deviation simultaneously. Using these two sets of .S scores,
the skills are averaged and models are ranked. The
available CMIP5 outputs are 23 models (for CMIP3,
they are 22 models). Utilizing previous values of cor-
relation and normalized standard deviation used in
discerning good and poor models in CMIP3 simulations
(Seo and Ok 2013), a threshold of 0.77 is selected. Finally,
the eight lowest-performing models are excluded for
ensemble composite for the present-day climate. The
selected 15 good models (having S scores of 0.78-0.90)
are CCSM4, CSIRO Mk3.6.0, GFDL-ESM2G, GFDL-
ESM2M, GISS-E2-R, HadCM3, HadGEM2-CC,
HadGEM2-ES, IPSL-CM5A-MR, MIROC-ESM-CHEM,
MIROC4h, MIROCS, MPI-ESM-LR, MRI-CGCM3,
and NorESM1-M. Of these 15 models, 8-15 models
whose data for specific variables are currently available
(Table 1) are used to determine the best future pro-
jections of the EASM.
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TABLE 1. Description of the CMIP5 variables used in the study. Bold indicates good models selected among 23 CMIP5 models. PR is
precipitation, HUS is specific humidity, Wind is # and v winds, GPH is geopotential height, and SAT is surface air temperature.

PR HUS Wind GPH SAT
PCMDI variables Model name expansions 20C 21C 20C 21C 20C 21C 20C 21C 20C 21C

CCSM4 Community Climate System Model, version 4 e 6 e o o o o o o o

CSIRO Mk3.6.0 Commonwealth Scientific and Industrial e 6 o o o o o e O
Research Organisation Mark, version 3.6.0

GFDL-ESM2G Geophysical Fluid Dynamics LaboratoryEatth € @@ @@ @@ @@ @@ e e e o
System Model with Generalized Ocean Layer
Dynamics (GOLD) component (ESM2G)

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory Earth e 6 e o o o o o o o
System Model with Modular Ocean Model 4
(MOM4) component (ESM2M)

GISS-E2-R Goddard Institute for Space Studies Model E, [ ] [ ) [ ) [ ) [ ] [ ) ( ] [ ] [ ] { ]
coupled with the Russell ocean model

HadCM3 Hadley Centre Coupled Model, version 3 [ o ([ ]

HadGEM2-CC Hadley Centre Global Environment Model, [ J [ J [ J [ J [ J
version 2—Carbon Cycle

HadGEM2-ES Hadley Centre Global Environment Model, e 6 o o o o o e o
version 2-Earth System

IPSL-CM5SA-MR L’Institut Pierre-Simon Laplace Coupled Model, @ [ J [ J [ J
version 5, coupled with NEMO, mid resolution

MIROC-ESM-CHEM Model for Interdisciplinary ResearchonClimate, ® @ @ @ @ @ @ e @ ©o
Earth System Model, Chemistry Coupled

MIROC4h Model for Interdisciplinary Research on [ J [ J [ J
Climate, version 4 (high resolution)

MIROCS5 Model for Interdisciplinary Research on e 6 e o o o o o o o
Climate, version 5

MPI-ESM-LR Max Planck Institute Earth System Model, low [ J [ J [ J [ J [ J
resolution

MRI-CGCM3 Meteorological Research Institute Coupled e 6 e o o o o o o o
Atmosphere-Ocean General Circulation
Model, version 3

NorESM1-M Norwegian Earth System Model, version 1 e 6 o6 o6 o o o o o o
(intermediate resolution)

CanCM4 Fourth Generation Canadian Coupled Global [ J ([ ]
Climate Model

CanESM2 Second Generation Canadian Earth System [ ([ ] ([ ] ([ ]
Model

GISS-E2H Goddard Institute for Space Studies Model E, [ J [ J [ J ([ ]
coupled with the HYCOM ocean model

IPSL-CM5A-LR L’Institut Pierre-Simon Laplace CoupledModel, ® @ @ @ @ @ @ e o
version 5, coupled with NEMO, low resolution

BCC_CSM1.1 Beijing Climate Center, Climate SystemModel, ® @®@ @@ @@ @@ @@ e e o ©o
version 1.1

GFDL CM3 Geophysical Fluid Dynamics Laboratory e o o [ J e o
Climate Model, version 3

INM-CM4.0 Institute of Numerical Mathematics Coupled [ J [ J [ J ([ ] ([ ]
Model, version 4.0

MIROC-ESM Model for Interdisciplinary Research on e 6 e o o o o o o o
Climate, Earth System Model

3. Results 2000). To evaluate the overall skill in reproducing the

a. Model performance in the present climate

The proper projection of future precipitation change
requires identification of poorly performing models
prior to ensemble composite in order to avoid degra-
dation of the ensemble forecast skill (Krishnamurti et al.

present-day precipitation fields, the Taylor diagram
analysis is applied to the CMIPS models (Fig. 1). It is
evident that both the climatological seasonal mean
(Fig. 1a) and interannual standard deviation (Fig. 1b)
fields for CMIP5 models are greatly improved over
CMIP3 models in terms of both pattern correlation
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(a) Climatological mean for JUA (CMIP5 vs CMIP3)
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(b) Interannual standard deviation for JJA (CMIP5 vs CMIP3)
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FIG. 1. Pattern correlation and spatial standardized deviation
ratio between observation and CMIP5 (red) and CMIP3 (blue) all-
and good-model ensembles for (a) the climatological seasonal
mean and (b) interannual standard deviation fields. Horizontal and
vertical lines denote intermodel standard deviations.

(abscissa in the figure) and spatial standardized de-
viation ratio (ordinate in the figure; unity means per-
fect model simulation). In particular, the all-model
average pattern correlation of the climatological sea-
sonal mean increases by more than 20% compared to
the CMIP3 model, and spatial standardized deviation
ratios for the CMIP5 models are close to unity. In ad-
dition, several highest and lowest skill score § models
produce much better pattern resemblance to observa-
tion for the CMIP5 models compared to the CMIP3
models (not shown). Simulation skills calculated from
excluding the eight models that perform the lowest
skills among the analyzed models exhibit similar im-
provements. The composite using only these models
is referred to as a good-model ensemble in this study.
The good-model ensemble includes the intermediate-
performing models as well as high-performing top
models in order to increase the sample size for statis-
tical testing of the warm climate projections. However,
CMIP5 models also show a wide range of correlation
values and standardized deviation ratios, similar to
CMIP3 models.
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b. Present-day model simulations

Figure 2 shows the summer mean precipitation, 850-hPa
moisture flux and its magnitude, 850-hPa geopotential
height, and surface air temperature for the observations
and good-model ensembles. In Fig. 2a, a peculiar rain-
band associated with the mei-yu—Changma-Baiu front is
apparent, ranging from the east-central part of China
through the Korean Peninsula to Japan. In the good-
model ensemble (Fig. 2b), the Baiu front over Japan and
its nearby oceans is well reproduced, but the model ex-
hibits difficulty in simulating the local maximum asso-
ciated with the mei-yu front over the lower reaches of
the Yangtze River. In general, the good-model ensem-
ble mean shows a weaker rainfall intensity over the
major band, as is similarly shown in CMIP3 model
simulations (e.g., Kusunoki and Arakawa 2012; Seo and
Ok 2013; also in Fig. A1). This dry bias associated with
the East Asian monsoonal front is a common problem
in most contemporary climate models. It also produces
unrealistically excessive precipitation over central in-
land China.

The second row of panels in Fig. 2 shows that the
pattern of the 850-hPa moisture flux vector is effectively
well simulated in the good-model ensemble with a
slightly underestimated moisture flux intensity. The
reasonable simulation of the moisture flux comes from
the realistic representation of the North Pacific sub-
tropical high (NPSH) (third row), one of the most
important components of the EASM system. Other
circulation fields are also examined. Sea level pressure
and upper-level circulation (not shown) also demon-
strate good correspondence with observations. The bot-
tom panels of Fig. 2 show the composite surface air
temperature field, which is also well reproduced by the
model ensemble, with the East Asian continent being
much warmer than the ocean, as in observations.

c. Future climate projections

Future projection for the 21-yr period from 2079 to
2099 over East Asia using (8-15) available good-model
simulations under the RCP6 scenario are presented in
Fig. 3. The spatial pattern of precipitation in the future
climate (top panel of 3a) is very similar to that of
the present-day climate (top panel of Fig. 2b), showing
a general increase over the whole region (top panel of
Fig. 3b). The precipitation intensity strengthens by
10%-15% (Fig. 4a). The difference field between the
future and present climate (top panel of Fig. 3b) exhibits
a prominent increase in precipitation mainly over the
Baiu frontal region (~30°-40°N, 135°-160°E) and the
region north of the Korean Peninsula (~38°-48°N, 120°—
140°E). The change in the latter region has not been
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(b) Good models (CMIP5 20C)
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FIG. 2. Distribution of JJA mean precipitation (mm day '), moisture flux (vector) and its magnitude (shading) at
850hPa (gkg™ ' ms™"), 850-hPa geopotential height (m), and surface air temperature (°C) over the EASM region for
(a) observations and (b) CMIP5 good-model ensemble mean for the present-day climate (1979-99).

previously identified. A plot of interannual variance of
precipitation shows the formation of the local maximum
over this area, even stronger than over the major rainband
of the Baiu region (not shown), implying the greater de-
gree of precipitation variability in this region. This is
a relatively dry region, so the future monsoon change
would contribute positively to the hydrological resources.
On the other hand, a local maximum in the precipitation
increase over southern inland China (near 30°N, 100°E;
top panel of Fig. 3b and Fig. 4a) is not statistically signif-
icant, so we cannot be sure of future change in this region.

Precipitation increases seen in Figs. 3 and 4a are
mainly attributed to increases in both evaporation and
moisture flux over the EASM domain. About a 30%—
50% increase in moisture flux is found over Japan and its
eastern oceans and to the north of the Korean peninsula
(Fig. 4b). Because of a warmer climate in the future
(bottom panel of Fig. 3b), the lower-level specific hu-
midity increases over the entire EASM region (Fig. 4c).
Along the major EASM rainband, it increases by
~20%-30%. In addition, the northwestward expansion
or intensification of the NPSH is evident in the future
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(a) Good models (CMIP5 21C)
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(b) Difference (21C—-20C)
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FIG. 3. Asin Fig. 2, but for (a) the future climate scenario (21C: 2079-99) and (b) the difference between the 21C and
20C simulations.

climate scenario (third panel of Fig. 3) with the center of
the low-level geopotential height anomaly located south
or southeast of Japan (third panel of Fig. 3b). The
westward strengthening of the NPSH in response to the
observed Indian Ocean-western Pacific warming during
the latter half of the twentieth century has been studied
by Zhou et al. (2009). Recently, Seo et al. (2012) dem-
onstrated that the northwestward intensification of the
NPSH induced anomalously stronger southerly winds,
leading to heavy rainfall for East Asian countries. Sim-
ilarly, the stronger NPSH induces stronger southerly or
southwesterly moisture flux (Fig. 3b), which is directed

to the major EASM rainfall increase regions (i.e., over
Japan and its nearby oceans and north of the Korean
peninsula). Therefore, both enhanced water vapor and
wind speed contributes to the increase in precipitation
over the EASM region. The northwestward inten-
sification of the NPSH in CMIP5 is a new feature and
seems to be robust (since the similar spatial pattern
found in RCP4.5 simulations (not shown) with an in-
crease of the positive 850-hPa geopotential height is
smaller by 15% compared to RCP6), and it is conjectured
to be a result of an increase in convective forcing near the
Philippine Sea in CMIP5 (not shown). By contrast, the
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Future percentage change [(21C—20C)/(20C)]
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FIG. 4. Fractional percentage change (%, red contour) [(21C — 20C)(20C) '] and statistical significance test (shading) for (a) pre-
cipitation, (b) moisture flux at 850 hPa, and (c) specific humidity at 850 hPa. Gray shading denotes the confidence level. Student’s ¢ test is

used.

increase in convective forcing in the future in CMIP3
appears along the equator over the Pacific. The verifi-
cation of this hypothesis will be performed in the future
with a simplified general circulation model.

These CMIPS results are compared with the CMIP3
good-model ensemble means (see the appendix). In
CMIP3, the highly statistically significant increase in
precipitation occurs over the major Baiu region (Seo
and Ok 2013), whereas in CMIP5, along with the pre-
cipitation increase of the Baiu region, an additional
region of precipitation increase emerges to the north
of the Korean peninsula. The 850-hPa moisture flux
strengthens over the more northern region than the one
from CMIP3. This is related to the northwestward ex-
pansion or intensification of the NPSH in CMIPS5 rather
than an anticyclonic circulation anomaly centered over
inland China (not the northwestern Pacific Ocean) in
CMIP3. It is shown that the spatial patterns of pre-
cipitation and low-level moisture flux and geopotential
height in the future climate are more consistent among
these variables in CMIP5 than CMIP3. More detailed
comparisons between CMIP5 and CMIP3 simulations
can be found in the appendix.

To estimate important processes for this change in
summertime precipitation, the moisture budget equation
is analyzed (i.e., Yoon and Chen 2005; Hsu et al. 2012).
The water vapor budget is calculated for the region of the
major monsoonal rainband (26°-46°N, 114°-151°E):

(V-(qVy)) =E— P+ Res, (2)
where g is specific humidity, Vg is horizontal wind,

and () represents a vertical integration from 1000 to
100 hPa. The variable E is evaporation from the surface

and P is precipitation. The residual (Res) includes
moisture tendency term (which is small), submonthly
contributions, computational errors, biases in the data
assimilation system, and inconsistency between the
NCEP-DOE reanalysis and CMAP data. The first term
in (2), moisture flux convergence, is further broken up
into two terms: contributions from horizontal dry ad-
vection (Vg - Vg) and moisture divergence associated
with mass divergence (¢V - V). Note that all data used
are monthly data. Figure 5 shows the estimated value
of each of these terms for the observation and good-
model ensemble means. The moisture budget analysis
shows that precipitation in the current climate is under-
estimated, as mentioned previously. This results from an
underestimation in evaporation and ensuing moisture
flux convergence. Of the two components of the mois-
ture flux convergence, moisture convergence associated
with mass convergence is more greatly underestimated
(Fig. 5a).

The budget analysis also reveals that the domain-
averaged precipitation increase is as much as ~7% be-
cause of the increases in both evaporation and moisture
flux convergence (from Fig. 5b). The former results
from the increased water vapor extent due to enhanced
evaporation by increased surface temperature, and the
latter comes from intensified southerly or southwesterly
winds along the northwestern flank of the strengthened
NPSH. The domain-averaged moisture advection is
greater than that of moisture convergence. However,
even if the domain-averaged evaporation is greatest
among the three terms (Fig. 5b), the spatial pattern of
evaporation (Fig. 6a) is significantly different from that
of precipitation (Fig. 2b). Instead, moist convergence
field (Fig. 6b) resembles precipitation field. Therefore,
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FIG. 5. Summer mean moisture budget of good-model ensemble for (a) observation, present-
day climate (20C), and future climate (21C) and (b) future change (21C minus 20C) over the
major rainband region. All units are mm day ™~ '. The error bar denotes the intermodel standard

deviation.

the projected increase in precipitation over the Baiu
region and to the north and northeast of the Korean
Peninsula appears to be attributed to increases in water
vapor content and moisture flux convergence (i.e., evap-
oration, moist advection, and moisture convergence), but
enhanced moist convergence among these is the largest
contributor to precipitation maxima to the north of
the Korean Peninsula and to the east of Japan (Fig. 6b).
An increase in precipitation over the sea between the

Korean Peninsula and Japan is due to both the moist
convergence and moisture advection terms. Another
feature to note is that the future precipitation over the
East China Sea (~32N° 127°E) decreases, which is
primarily due to strongly reduced moist convergence
and moderately reduced moisture advection in this area
(Fig. 6b). This reduced precipitation area leads to the
domain-averaged moisture convergence being smaller
than the domain-averaged moisture advection. On the
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FIG. 6. Distributions of JJA mean differences in (a) evaporation, (b) moist convergence, and (c) moist advection between the 21C and 20C
simulations (mm day ).

other hand, moisture advection (Fig. 6¢) is responsible
for an increase in precipitation to the north of the major
increase region of precipitation over the eastern Sea of
Japan (i.e., ~45N°, 165°E). Note that the relative im-
portance between the moisture advection and conver-
gence terms seems to be subject to large uncertainty, so
a caution is needed. Nonetheless, the spatial distribution
of moisture convergence is most similar to that of pre-
cipitation, so that major changes in local precipitation in
the future may be determined by moisture convergence.
To be more decisive, improved model fidelity in repre-
senting the EASM is of relevance.

A brief comparison with CMIP3 simulations is also
done. Among the two components in the domain-
averaged moisture flux convergence [V - (¢Vy)], the
future increase in moist convergence is greater in CMIP3
(see Seo and Ok 2013), whereas the moist advection in-
crease is greater in CMIP5. Moreover, the future increase
in moisture flux convergence is 50% greater than the
increase in evaporation in CMIP3, but the increases in
these two quantities are very similar in CMIPS. However,
the major increases (decreases) in precipitation over the
continental region to the north of the Korean Peninsula
and the eastern Sea of Japan (over the East China Sea)
are due mainly to an increase (decrease) in moisture
convergence. The increase seen to the east of Japan is
actually similar to the CMIP3 results, which also show an
increase along the major Baiu frontal region resulting
from the enhanced moist convergence.

To investigate whether the monsoon response to
greenhouse gas forcing in the select models takes place
via a local or remote process (Neelin and Held 1987;
Seth et al. 2011; Giannini 2010), moist static energy
(MSE) has been exploited over the EASM region. In the
local mechanism, increased evaporation as a result of
the surface response to anthropogenically enhanced radi-
ative forcing leads to an increase in the MSE, a decrease
in tropospheric stability, and an increase in precipitation
(see Seth et al. 2011; Giannini 2010). The well-known
“rich get richer” framework dominates in this case.

Meanwhile, for the remote mechanism, large-scale tro-
pospheric warming controls vertical stability. Therefore,
we calculate the vertical stability using the MSE in the
upper and lower troposphere. The MSE is defined as
MSE = DSE + Lq, where the dry static energy (DSE)
isdefined as DSE = ¢, T + gZ. Here, L is the latent heat
of evaporation, ¢q is specific humidity, ¢, is the specific
heat at constant pressure, 7 is the layer temperature, g
is gravity, and Z is geopotential height. Since there is
little water vapor in the upper troposphere, the MSE in
the upper level is equivalent to DSE. So, as a measure
of free tropospheric stability, the vertical gradient of
MSE, which is defined as vMSE = DSE,q) — MSExsg
(Held 2001; Seth et al. 2011), is calculated.

The change of vMSE between RCP6 and historical
simulations is presented in Fig. 7a, where positive
(negative) value denotes increased stability (instability).
As seen in the figure, the vMSE decreases over the
EASM domain, implying enhanced instability in the fu-
ture and, thus, wetter EASM under global warming. To
explore the cause of this increased instability, we de-
compose the yMSE terms into 200-hPa DSE and 850-hPa
MSE. First, the upper-level DSE (Fig. 7b) shows an in-
creased stability, which is mainly controlled by the tem-
perature term ¢, T' (Fig. 7c) [wherein geopotential height
(g7) change is negligible]. However, the greater posi-
tive change existent in the lower-level MSEgs, suggests
a strongly enhanced instability across the domain (Fig. 7d).
This is contributed mostly by the moisture term Lg, not
by the DSE (Figs. 7e,f). The increase in the MSE due
to the enhanced lower-level specific humidity is greater
than that by the lower-level temperature change (Fig. 7g).
Thus, the increased free tropospheric instability during
the boreal summer is attributed to the greater increase in
MSEgs than in DSEj(. This change in the vertical gra-
dient of the MSE is consistent with the local mechanism
(Seth et al. 2011; Giannini 2010). These results demon-
strate that an enhancement in precipitation in response to
greenhouse gas forcing is due to a local process and in-
creased evaporation plays a major role.



1 OCTOBER 2013 SEO ET AL. 7671

CMIP5 results (21C—-20C)
(a)

50N

vMSE
»u;c'!ﬁowu

30N 1

(b) I8

50N

40N 1

200hPa CpT

%POhPa DSE

80E  100E  120E  140E  160E 180
50N -

40N 1

850hPa MSE

(]

o

=
L

50N +

850hPa Lq
&

[&7]

o

=
L

50N +

40N

850hPa CpT

%?OhPo DSE

80E  100E 120E  140E  160E 180 80E  100E 120E  140E  160E 180

FI1G. 7. Distributions of differences (21C minus 20C) in (a) vertical gradient of moist static energy (200-850 hPa
MSE; kJ kg~ 1); 200-hPa (b) DSE and (c) ¢, T, where the positive difference indicates an increased stability (brown);
and 850-hPa (d) MSE, (e) Lq, (f) DSE, and (g) ¢, T, where positive differences indicate a decreased stability (green).



7672 JOURNAL OF CLIMATE VOLUME 26
The EASM major rainband
" {a) Historical (1979-1999) {b) RCP& (2079-2099) -
"3
RN A SMEEBIN
/J"“ S ) |_Is5(63]6.2 If j .'j 5.1/ g §.1[6.0
1\ 2 16(5.8|5. I\ 5.1 2557 (5.1
30” 5.5 53|52 ‘?p 5.:' / I.‘ 58|53 5.2 51153 é 5.8 :.J 5.7|5.1 30N
5.5(5.4(5.7| 6.0 ;_ﬂ 5.66./]6.8(6.0(5.4 5.1 [5.5]5.8|6.0 s}ﬁ 52| 95|51
5.6/5.8(6.0]5.915.1 (5.9 6.6]6.8]5.5[5.1 5.9[6.2]6.0|6. 55(54] 5.8
6.66.9|7.2158 65 (5.2(5.7|5.7[5.55.4]5.2 6.9]6.7|6.2t62 65 g]5.9]5555555350
6.9|6.7|6.8|6.8(6.7(6.5/6.3|6.1 6.5 6.9/6.9/6.8|6.7|65(6.4(59(58
20N 20N
110E 120E 130E 140E 110E 120€ 130E 140E

FIG. 8. JJA mean precipitation (mm day ') at each grid point for (a) the present-day climate and (b) future climate.
The white line denotes an estimated monsoonal rainband in the good-model composite for present climate condi-

tions; the blue line represents that for the future climate.

Finally, meridional movement of the monsoonal band
inresponse to increased CO, forcing has been examined.
Some previous studies have demonstrated an apparent
southward shift of the EASM-related precipitation or
precipitation anomalies (e.g., Yun et al. 2008; Li et al.
2010). Using CMIP5 good-model data, we examine the
possible spatial shift of the monsoon front. This is done by
connecting the local maximum precipitation intensities as
shown in Fig. 8. It indicates little movement of the
monsoonal major rainband, as has been similarly shown
in previous CMIP3 analyses (Seo and Ok 2013).

4. Summary

Future changes in the amount and position of EASM
precipitation have been estimated from CMIP5 climate
model simulations under the RCP6 scenario. The prior
comparison with CMIP3 historical simulations shows
that CMIP5 models are, in general, found to better
simulate the observed spatial and temporal precipitation
patterns related to the EASM, compared to CMIP3
simulations.

For the proper composite of model simulations, the
best-performing models from the historical run are se-
lected through the first two moment statistics (i.e., mean
and variance) of precipitation. The selected model en-
semble mean in the present-day climate reasonably
simulates the monsoonal rainband over East Asia dur-
ing the summer season. However, as in CMIP3, the
model composite produces slightly less precipitation,
with the Baiu front aligned more steeply in the meridi-
onal direction than is shown in observations. A moisture
budget analysis shows that this precipitation deficit is
due to an underestimation in evaporation and ensuing
moisture flux convergence. Of the two components of
the moisture flux convergence, moisture convergence

associated with mass convergence is more greatly
underestimated. Even if the good models were selected
solely from the precipitation statistics, the composite
exhibited very realistic temperature and circulation
fields, indicating the effectiveness of the applied selec-
tion criteria.

A moisture budget analysis demonstrates that the
EASM domain-averaged precipitation increases by ~7%
for the period of 2079-99 in the case of the RCP6 scenario
because of increases in both evaporation [by the in-
creased surface temperature of 2.0°-3.5°C (inferred
from Fig. 3b)] and moisture flux convergence. However,
precipitation over the major monsoon front-related re-
gion is anticipated to increase by as much as 10%-15%.
A peculiar feature in the future EASM is a northwest-
ward strengthening of the NPSH. Therefore, along the
northern and northwestern flank of the strengthened
NPSH, intensified southerly or southwesterly winds lead
to an increase in moisture convergence, enhancing pre-
cipitation particularly over the Baiu region to the east of
Japan and the continental region to the north of the
Korean Peninsula. However, future precipitation over
the East China Sea (~32N°, 127°E) decreases because of
strongly reduced moist convergence and moderately
reduced moisture advection in this area.

It is revealed that the increased moist content in the
lower level as a result of response to anthropogenically
enhanced radiative forcing leads to an increase in the
MSE, decreasing tropospheric stability. This result im-
plies that a local process as opposed to a remote mech-
anism operates for the EASM. Little meridional shift of
the monsoonal major rainband is expected to occur in
the future.

Although the CMIP5 models are greatly improved
over CMIP3 models in terms of climatologically seasonal
mean and interannual variability, we cannot guarantee
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FIG. Al. Distributions of JJA mean (a) precipitation (mm day '), (b) moisture flux (vector) and its magnitude (shading) at 850 hPa
(gkg 'ms™), (c) 850-hPa geopotential height (m), and (d) surface air temperature (°C) over the EASM region for (top) observations,
(middle) CMIP3 good-model ensemble mean, and (bottom) CMIP5 good-model ensemble mean for the present-day climate (1979-99).

that the CMIP5 models more accurately predict the fu-
ture climate change. Also, the residual term is not small
enough to be ignored. Therefore, the results in this study
are of limited importance. However, the spatial patterns
of precipitation and low-level moisture flux and geo-
potential height in the future climate are more consis-
tent each other in CMIPS than CMIP3, so CMIPS
projections seem to be more reliable.
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APPENDIX

The EASM in CMIPS and CMIP3

CMIP5 models are greatly improved over CMIP3
models in the climatologically seasonal mean and in-
terannual variability. For a more detailed comparison,
we present CMIP3 and CMIPS results side by side in
Fig. Al. Good models in CMIP3 are selected based on
the skill score (), as in CMIP5 models in this paper. The
select good models are 15 and 14 for CMIP5 and CMIP3,
respectively. The used data list is shown in Table 1. It
is seen in Fig. Ala that the observed pattern and in-
tensity of precipitation are well simulated by the CMIP5
models, especially in southern Japan, whereas the
CMIP3 models tend to underestimate the intensity
of precipitation. Figure Alb shows the patterns of
850-hPa moisture flux vector and its magnitude. It is
seen that southwesterly monsoonal moist flow over
the East China Sea is better simulated in the CMIP5
models, which is due to a proper simulation of the
lower-level geopotential height gradient, as shown in
Fig. Alc. In the surface air temperature pattern (Fig.
Ald), CMIP5 shows a better representation compared
to CMIP3; CMIP3 produces a stronger underestimation
over land area. Therefore, overall, the CMIP5 good mod-
els are in much better correspondence with observation
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FIG. A2. As in Fig. A1, but for the future climate scenario (21C: 2079-99) and the difference between the 21C and 20C simulations.

than the CMIP3 good models in representing the present-
day climate.

For future changes, we used the SRES A1B simula-
tions for CMIP3 models and the RCP6 scenario for
CMIP5 models. Note that these scenarios have differ-
ences in CO, forcing; A1B and RCP6 have CO, con-
centrations of 720 and 670 ppm, respectively, in the year
2100, indicating that the slightly smaller radiative forc-
ing of the RCP6 scenario compared to the A1B scenario
in this year. In Fig. A2, the upper panels denote the
twenty-first-century (21C) results and the lower panels
represent the future change [21C minus twentieth cen-
tury (20C)] for the CMIP3 and CMIP5 models. The
general patterns of precipitation for the CMIPS5 models
are similar to those of the CMIP3 models (upper panels
of Fig. A2a). However, in the CMIP5 models, enhanced
rainfall in the future occurs to the north and northeast of
the Korean Peninsula and to the east of Japan (the
bottom panel of Fig. A2a), whereas the CMIP3 models
are projected to increase from the western Pacific to-
ward the central Pacific (the third panel of Fig. A2a). In

addition, the CMIP5 models show much larger increases
in the strength of 850-hPa moisture flux than the CMIP3
models, especially over eastern China and the East
China Sea, the Korean Peninsula, and central Japan
(Fig. A2b). These differences between the CMIP3 and
CMIP5 model ensemble means are presumably associ-
ated with changes in the lower-level geopotential height
(Fig. A2c). That is, the northwestward strengthening of
the NPSH is evident in CMIP5, so anticyclonic flow
appears along the rim of this high anomaly, whereas
a high anomaly center is over the Asian continent (not
over the western north Pacific) with a weaker pressure
gradient (Fig. A2c), which is odd. In light of this, the
CMIPS future projection is more reliable. Surface air
temperatures from both the CMIP5 and CMIP3 models
are projected to increase in the future (Fig. A2d).
However, it is interesting to see that the temperature
change in CMIP5 is greater than that of CMIP3 by
~0.5 K over most of the EASM domain, even if the ra-
diative forcing of the former is smaller than that of the
latter.
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