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Abstract

This study provides an overview of the Asian monsoon and its change as simulated by atmosphere—ocean coupled
general circulation models and high-resolution atmospheric general circulation models, focusing on the seasonal
mean circulation and precipitation climatology. After reviewing the drivers of and the elements that affect the
monsoon, the ability of those climate models to reproduce the Asian monsoon is assessed. The Asian monsoon is
better reproduced in the Coupled Modeling Intercomparison Project phase 5 (CMIPS) models than in the CMIP3
models, although biases remain. Projected future changes in the Asian monsoon at the end of the 21st century are
then reviewed. Overall projections are similar for both CMIP3 and CMIP5 models with increases in precipitation,
albeit with weakened circulation in the South Asian summer, enhanced circulation and increased precipitation in
the East Asian summer, and latitude-dependent changes in the winter monsoon circulation in East Asia. However,
differences exist in the projected local changes, leading to uncertainty in projections.

Keywords

1. Introduction

Classically, the monsoon is a seasonal reversal of
surface winds (Ramage 1971); however, now, simply
seasonal rainfall is used to characterize regional
monsoons because billions of people within the
tropics rely on monsoon-related rainfall. Research
on monsoons started at local and regional scales, but
nowadays the concept of the global monsoon has
emerged that considers seasonal changes in tropical
divergent circulations and associated precipitation
as a whole (Trenberth et al. 2000; Wang and Ding
2006). The monsoon is an ocean—land—atmosphere
system with temporal variations ranging over diurnal,
synoptic, intraseasonal, seasonal, interannual, and
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decadal time scales. The monsoon has also varied
with glacial-interglacial cycles and on geological
time scales, and now future changes in the monsoon
system under anthropogenic influences are of great
concern. Accumulated observational and paleo-proxy
data, field experiments and numerical studies have
revealed various aspects of the monsoon and its vari-
ability (Webster et al. 1998; Wang 2006; Chang et al.
2011; Ding et al. 2015). This article focuses on the
seasonal mean monsoon and its future changes as
simulated and projected by climate models.

Numerical modeling of the Asian monsoon
commenced with the introduction of atmospheric
general circulation models (AGCMs; Manabe et al.
1974; Gilchrist 1977). For example, the effects of
mountains (Hahn and Manabe 1975) and snow cover
over the Tibetan Plateau (Yasunari et al. 1991) on
the Asian monsoon have been investigated. With the
development of climate models, the advent of atmo-
sphere—ocean coupled general circulation models
(AOGCMs) has enabled us to investigate the effects



8 Journal of the Meteorological Society of Japan

of increasing carbon dioxide (CO,) and aerosols on
the Asian monsoon (Meehl and Washington 1993;
Lal et al. 1995; Mitchell et al. 1995; Meehl et al.
1996; Kitoh et al. 1997). In recent decades, AGCMs,
AOGCMs and regional climate models (RCMs)
have been used to understand the mechanisms of
monsoons, forecast the timing of monsoon onset and
the seasonal rainfall amount in a coming season, and
project future changes in monsoons under global
warming (e.g., Webster et al. 1998; Kitoh 2006, 2011;
Wang 2006; Chang et al. 2011; Endo and Kitoh 2016).

Climatemodels have been developed and improved
over time (Reichler and Kim 2008; Watterson et
al. 2014). The Coupled Modeling Intercomparison
Project phase 3 (CMIP3; Meehl et al. 2007) and phase
5 (CMIP5; Taylor et al. 2012) has been coordinated
by the World ClimateResearch Programme (WCRP).
Data from historical simulations and future projec-
tions under several scenarios from the CMIP3 and
CMIP5 models have formed the basis of the climate
projections in the Intergovernmental Panel on Climat-
eChange (IPCC) Fourth Assessment Report (AR4;
IPCC 2007) and Fifth Assessment Report (ARS; IPCC
2013), respectively. Although the models have been

(b) CMIP5 historical (40) JJAS
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improved, they perform less well for precipitation
than for surface air temperature (Flato et al. 2013).
The multi-model statistics of monsoon simulations
have improved from CMIP3 to CMIP5 (Flato et al.
2013; Sperber et al. 2013).

Figure 1 shows the present-day climatology from
observations and simulated data of precipitation and
850 hPa wind fields during boreal summer (June—
September; JJAS) and boreal winter (December—
March; DJFM). The simulations are based on the
CMIP5 multi-model ensemble (MME) mean. The
seasonal migration of precipitation is evident with
centers over South Asia, East Asia, Southeast Asia
and the western North Pacific Ocean in boreal
summer as well as over Indonesia and the equatorial
oceans in boreal winter. Wind reversal between the
southwesterly winds in boreal summer and the north-
easterly winds in boreal winter over South and South-
east Asia is also observed. Over East Asia, north-
westerly winds in winter replace southerly winds in
summer. Models generally reproduce these monsoonal
wind and precipitation characteristics, but systematic
biases exist (Flato et al. 2013).

Future climate projections by CMIP3 and CMIP5
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(a, ¢) Observed and (b, d) CMIP5 MME, (a, b) June—September, and (¢, d) December—March mean precipi-

tation and 850 hPa wind fields. The observations are from TRMM 3B43 (Huffman et al. 2007; 1998-2013)
for precipitation (0.25°) and JRA-55 (Kobayashi et al. 2015; 1986-2005) for 850 hPa wind fields (1.25°). The
CMIP5 MME is obtained from 40 simulations of the historical period (1986-2005) on a common 2.5° by 2.5°

grid.
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models show that global precipitation will increase
with increasing global mean surface temperatures.
The spatial pattern of future surface temperature
change will not be uniform, with greater warming
over land than over the oceans. An increasing land—
sea temperature contrast at the surface may contribute
to enhanced monsoon circulation, but a stabiliza-
tion of the tropical atmosphere may lead to a weak-
ening of tropical circulation. There will be substantial
spatial variations in precipitation changes, and there is
a likelihood of an increased contrast of annual mean
precipitation between dry and wet regions as well as
between wet and dry seasons (Collins et al. 2013).
It is also projected that extreme precipitation events
are likely to be more intense and more frequent in a
warmer world (Collins et al. 2013).

This review article provides an overview of the
Asian monsoon precipitation and its change in
the 21st century, as simulated by climate models,
focusing on the seasonal mean circulation and
precipitation climatology. Items that are not covered
in this review article include meso-scale weather
phenomena, changes in seasonality, intraseasonal
oscillations, the ENSO—monsoon relationship, tropo-
spheric biennial oscillations, the influence of the
stratosphere, and the paleo-monsoon, among others.
These should be addressed in further review articles.

The remainder of this paper is organized as
follows. First, drivers of the monsoon and important
elements that affect the monsoon are described in
Section 2. Section 3 deals with the Asian monsoon
in the historical period and considers how well it is
simulated by models. Although the focus is on the
Asian monsoon, a sub-section on global monsoon
precipitation is included because the Asian monsoon
and some of its characteristics may be better under-
stood within the framework of the global monsoon
concept. Future projections of the Asian monsoon are
reviewed in Section 4. The Asian monsoon is divided
into the South Asian, East Asian, Southeast Asian,
and western North Pacific monsoons, although some
overlap is inevitable. Finally, concluding remarks are
given in Section 5.

2. FElements that affect the monsoon

This section describes drivers of the monsoon and
important agents that affect the monsoon. Solar inso-
lation, Earth’s orbit and rotation, land—sea distribu-
tion, orography and composition of the atmosphere
regulate the Earth’s climate and thereby also the
monsoon. Changes in land-sea distribution, orog-
raphy, orbital forcing, greenhouse gases (GHGs),
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and acrosols affect the monsoon system on geolog-
ical time scales. Anthropogenic factors such as
GHG:s, acrosols, and land use and land cover changes
(LULCCs) have influenced and will influence the
monsoon system in future.

2.1 Land-sea distribution

The monsoon is driven by the heat contrast
between continents and adjacent oceans. Therefore,
the warming and cooling of the land and the oceans
during the annual cycle influence the intensity and
temporal characteristics of the monsoon. The land—sea
distribution is the dominant driver of the monsoon.

During geological history, the land—sea distribu-
tion on Earth has drastically changed and has affected
climate (Crowley and Burke 1998; Ruddiman 2001).
There existed a single large continent named Pangaea
about 200 million years ago (Ma). Then, the Atlantic
Ocean opened and the Pacific Ocean narrowed, and
India and Australia separated from Antarctica and
moved northward (Ruddiman 2001). The opening of
the Drake Passage at ca. 25-20 Ma separated Antarc-
tica from the continent. The closure of the Panama
Isthmus at ca. 3 Ma resulted in the present land—sea
distribution. Later, the glacial-interglacial cycle modi-
fied coastal areas under the influence of sea-level
changes.

2.2 Orography

In addition to the land-sea contrast, large-scale
mountains such as the Tibetan Plateau and the
Rockies have significant effects on climate, including
the thermodynamic effect by which the heat contrast
is enhanced by the high altitude of mountains and
the dynamical barrier effect. Modeling studies have
revealed these orographic effects on global and
regional climate and monsoons (Manabe and Terp-
stra 1974; Hahn and Manabe 1975; Tokioka and
Noda 1986; Kutzbach et al. 1989, 1993; Ruddiman
et al. 1989; Broccoli and Manabe 1992; Kitoh 1997,
2002, 2004; Abe et al. 2003, 2004, 2013). The
Tibetan Plateau enhances thermal heating in summer
and cooling in winter, thereby leading to intensified
Asian summer and winter monsoons. The westerly
jet is modified by the height of the Tibetan Plateau,
affecting the Meiyu—Baiu rain band in East Asian
summer (Abe et al. 2003; Kitoh 2004). The Meiyu—
Baiu rain band may not have existed in its current
position with its present intensity when the height of
the Tibetan Plateau was lower (Kitoh 2004). Wu et
al. (2012) demonstrated that diabatic heating in the
middle troposphere along the foothills and slopes of



10 Journal of the Meteorological Society of Japan

the Tibetan Plateau is essential for the Indian summer
monsoon. Tang et al. (2013) investigated the effects
on the monsoon of smaller-scale mountains such as
the Zagros Mountains with a regional climate model.
They found that the presence of the Zagros Moun-
tains intensifies the Somali jet and increases summer
rainfall in northwestern India. The importance of
the East African Highlands has also been discussed
(Chakraborty et al. 2009; Johnson et al. 2016).

Geological evidence indicates three successive
stages of uplift of the Himalayas and the Tibetan
Plateau at (1) 40-35 Ma (southern and central Tibetan
Plateau), (2) 25-20 Ma (northern Tibetan Plateau),
and (3) 15-10 Ma (northeastern to eastern Tibetan
Plateau) (Tada et al. 2016). Recent modeling studies
have demonstrated the different roles of the Hima-
layas and various regions of Tibetan Plateau uplift
on Asian monsoons (Zhang et al. 2012). For a review
of modeling studies of the Tibetan Plateau uplift and
monsoon, refer to Liu and Dong (2013). Modeling
studies suggest that the first uplift corresponded to an
intensification of the Indian summer monsoon, and
the second and the third caused intensification of the
East Asian summer and winter monsoons. There is
good evidence for a link between the second uplift
and monsoon behavior: the East Asian summer and
winter monsoon intensified and inland desertifica-
tion started at 25-20 Ma, associated with uplift of the
northern Tibetan Plateau (Tada et al. 2016). There-
fore, the Himalayas (or the southern Tibetan Plateau)
intensify the Indian summer monsoon while the
northern Tibetan Plateau intensifies the East Asian
summer monsoon as well as the East Asian winter
monsoon. The Paratethys Sea existed over the region
from Central Europe to Central Asia at 30 Ma. The
subsequent retreat of this sea played as important
a role in driving the Asian monsoon as the uplift of
the Tibetan Plateau (Ramstein et al. 2007). Numer-
ical experiments show that as the Paratethys shrank,
the amplitude of the seasonal cycle increased, thereby
enhancing the monsoon precipitation.

2.3 Orbital forcing

Seasonal variations in incoming solar radiation
(insolation) drive seasonal heating and cooling of the
continent and ocean. Quasi-periodic changes in the
parameters of the Earth’s orbit around the sun modify
the seasonal and latitudinal distribution of insola-
tion. The obliquity (tilt) of Earth’s axis has varied
between 22.05° and 24.50° with a 41 thousand-year
(kyr) cycle over the past 800 kyr. The eccentricity of
the Earth’s orbit around the Sun varies between 0.002
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and 0.050, with 400 and 100 kyr cycles. Precession of
the equinoxes and the longitude of perihelion modu-
late the seasonal cycle of insolation with 19 and 23
kyr cycles. In particular, changes in precession regu-
late the intensity of the Northern Hemisphere (NH)
land warming in summer, and thus the monsoon.
Increased solar radiation in the NH summer, at ca. 9
kyr ago, produced a stronger Asian summer monsoon.
The Paleoclimate Modeling Intercomparison Project
(PMIP) multi-model mean simulates the stronger rain-
fall of the African and Asian summer monsoons and
its northward shift during the mid-Holocene (Brac-
onnot et al. 2007).

2.4 Greenhouse gases

The amount of GHGs regulates the temperature
and moisture content of the atmosphere (greenhouse
effect), thus affecting monsoons. The atmospheric
concentration of carbon dioxide has increased by 40
% from 280 to 400 ppm since the pre-Industrial era.
It is projected to increase further under all represen-
tative concentration pathway (RCP) scenarios used in
IPCC ARS, up to more than three times the pre-Indus-
trial level (IPCC 2013). Atmospheric moisture content
is enhanced by GHG warming, which leads to a
more intense water cycle throughout the atmosphere.
Climatemodel projections show an increase in total
monsoon rainfall through the 21st century, largely
owing to increasing atmospheric moisture content.
Extreme precipitation events over monsoon regions
tend to become more intense and more frequent in the
future.

2.5 Aerosols

Acrosols have a net cooling effect on the global
climate system but play various roles in regional
climate change because the loading of atmospheric
aerosols varies regionally (Ramanathan et al. 2001;
Lau et al. 2008). The direct effect of the aerosol
increase is the reflection of solar radiation reaching
the ground, resulting in cooler surface temperatures.
Land-sea thermal contrast will decrease than without
the direct aerosol effect, and the summer monsoon
circulation will weaken. The “elevated heat pump”
effect caused by black carbon would favor an earlier
onset of the South Asian summer monsoon (Lau et al.
2006). Model simulations show that the direct effect
of aerosols reduces the magnitude of Asian monsoon
precipitation change compared with the case in which
only GHGs increase (Bollasina et al. 2011; Polson et
al. 2014; Song et al. 2014; Sanap et al. 2015). Large
uncertainty exists on the indirect influence of aerosols
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on climate by modifying clouds.

2.6 Land use and land cover changes

Land use and land cover change affects the energy
and water balance at the Earth’s surface through
changes in surface albedo, evapotranspiration, and
roughness, thereby playing a crucial role in monsoon
winds and precipitation (Yasunari 2011). Alteration
in LULCC occurred over Asia and Europe owing to
human settlement and the development of agricul-
ture (Pielke et al. 2011). In India and China, between
1700 and 1850, forested areas decreased from 40-50
% of the total land area to 5-10 % as areas under
cultivation increased. These extended LULCCs are
believed to have resulted in a decrease in monsoon
rainfall and a delay in the monsoon onset over the
Indian subcontinent and southeastern China (Takata
et al. 2009). LULCC from forest to cropland causes
the surface roughness to decrease, resulting in an
increase in surface wind speed and a reduction in
moisture convergence and precipitation. The reduc-
tion in precipitation reduces the soil moisture and thus
the local evaporation and moist convection, creating a
positive feedback and further reductions in precipita-
tion.

Yasunari et al. (2006) and Saito et al. (2006) inves-
tigated the relative influences of orography (the
Tibetan Plateau) and vegetation on Asian monsoon
precipitation and found nearly equally contribu-
tions. Enhanced vegetation results in an increase in
available radiation, through the albedo effect, which
increases both evaporation and atmospheric mois-
ture convergence, and consequently increases precipi-
tation. The effect of LULCC in Asia has also been
discussed (e.g., Kanae et al. 2001; Zhang and Gao
2009; Dallmeyer and Claussen 2011; Krishnan et al.
2016).

2.7 Air-sea interaction

Air—sea interaction is a major driver of the internal
variability of the climate system. The seasonal cycle
of the Asian climate is controlled by air—sea interac-
tion. Interannual and interdecadal variability such as
El Nino—Southern Oscillation (ENSO), the Indian
Ocean Dipole (IOD), the Pacific Decadal Oscilla-
tion (PDO) and the Arctic Oscillation (AO), strongly
modulates the Asian monsoon.

Observational and AOGCM results show that the
local simultaneous correlation between the June—
July—August (JJA) mean SST and precipitation anom-
alies is positive in the tropical eastern—central Pacific
but negative in the western North Pacific. The nega-
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tive correlation between SST and rainfall anomalies
means that the atmosphere affects SST. In contrast,
AGCM simulations yield a positive correlation even
over the western North Pacific region. Wang et al.
(2005) showed the importance of air—sea coupling in
predicting Asian—Pacific summer monsoon rainfall.
Air—sea interaction is essential for East Asian summer
monsoon simulations because the atmosphere affects
the ocean by wind—evaporation feedback and cloud—
radiation feedback.

The inclusion of air—sea coupling can improve
simulations of the East Asian summer monsoon. Song
and Zhou (2014b) compared the East Asian summer
monsoon climatology and interannual variability of
17 CMIP5 AOGCMs with the corresponding AGCMs.
The simulated northwestern subtropical high shifts
northeastward and the Meiyu—Baiu rainfall is weaker
than observed in both AOGCMs and AGCMs. A cold
SST bias exists in AOGCMs, which decreases the
surface evaporation and enhances the monsoon circu-
lation, thereby reducing biases in circulation and rain-
fall.

3. The monsoon in the historical period

3.1 Global monsoon
a. Observations

The characteristics of the monsoon vary signifi-
cantly from region to region. The traditional monsoon
region extends over all the tropical continents and
over the tropical oceans of the western and eastern
North Pacific, and the southern Indian Ocean. Over
the Americas, a clear seasonal reversal of surface
winds is not seen, but there are large differences in
precipitation, humidity, and atmospheric circula-
tion between summer and winter (Vera et al. 2006;
Marengo et al. 2012). From a global perspective,
the characteristics of precipitation over South Asia,
East Asia, Australia, Africa, and the Americas can be
viewed as an integrated global monsoon system, asso-
ciated with a global-scale persistent atmospheric over-
turning circulation (Trenberth et al. 2000). Therefore,
definitions of the monsoon in terms of precipitation
characteristics rather than wind reversal are increas-
ingly used (Wang and LinHo 2002; Wang and Ding
2006).

Wang and Ding (2006) defined the global monsoon
arca (GMA) as regions where the local summer-mi-
nus-winter (annual range) precipitation exceeds 180
mm and the summer-to-annual rainfall ratio is > 35 %.
They defined summer as JJA in the Northern Hemi-
sphere (NH) and December—January—February (DJF)
in the Southern Hemisphere (SH). Other authors
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Fig. 2. Observed (thick contours) and simulated (shading) global monsoon domain, defined where the annual
range of rainfall (difference between May—September and November—March) is greater than 2.5 mm day . The
observed domain is from GPCP, and the simulated data are the multi-model mean precipitation data for 1986—

2005 from an ensemble of 29 CMIP5 models.

have used different criteria, but the global monsoon
is not sensitive to the exact criteria (Hsu 2016).
Figure 2 is the global monsoon domain defined as the
region where the annual range of rainfall (difference
between May—September and November—March) is
greater than 2.5 mm day! (Kitoh et al. 2013) based
on Global Precipitation Climatology Project (GPCP)
data (Huffman et al. 2009). Global monsoon precipi-
tation (GMP) is defined as the total summer monsoon
precipitation within the GMA. A global monsoon
intensity (GMI) index is also defined as GMP amount
per unit area. The global monsoon is the dominant
mode of the annual variation in tropical circulation,
characterizing the seasonality of the tropical climate
(Wang and Ding 2008).

Historical precipitation records show a decreasing
trend in the global land monsoon precipitation over
the second half of the 20th century (1948-2003)
(Wang and Ding 2006; Zhou et al. 2008b). Changes in
both the GMA and GMI contribute to this decreasing
tendency (Zhou et al. 2008a). However, during a more
recent period (1979-2008) the combined (ocean and
land) monsoon precipitation has increased mainly
owing to a significant upward trend in NH summer
monsoon precipitation (Wang et al. 2012). When the
change in the monsoon-affected domain is considered,
the fractional increase in monsoon area is greater than
that in total precipitation such that the ratio of these
two measures (GMI) exhibits a decreasing trend for
the most recent 30-year (1979-2008) period (Hsu et
al. 2011).

Time series of observed GMP show decadal vari-
ability, possibly related to SST variations. Zhang and
Zhou (2011) evaluated the changes in global land

monsoon precipitation by using multiple rain-gauge
precipitation datasets. The multi-decadal features of
various regional monsoons for the period 1901-2001
were identified, with an overall increasing trend in
GMI from 1901 to 1955, followed by a decreasing
trend up to 2001. The warming over the central
Pacific and the tropical Indian Ocean may have
contributed to the reduction in global land monsoon
precipitation during the period 1950-2000, while
the negative phase of the PDO during 1998-2012
(global warming hiatus) would have led to increasing
GMP, primarily by transporting moisture into the
western Pacific region, thus intensifying the Asian
monsoon precipitation (Wang et al. 2014). Increasing
thermal contrast between the NH and the SH favors
a larger GMP because more moisture is transported
inter-hemispherically (Wang et al. 2012).

b.  Model evaluation

Kim et al. (2008) investigated the reproducibility
of the global monsoon climate variability simulated
by the CMIP3 models. They found that the CMIP3
MME simulates a reasonably realistic climatology of
the global monsoon precipitation and circulation, but
models have common biases such as a northeastward
shift of the intertropical convergence zone (ITCZ)
over the tropical North Pacific. They also indicated
that models with higher spatial resolution generally
reproduced a better spatial pattern of global monsoon
precipitation than did lower-resolution models.
Compared with the Atmospheric Model Intercompar-
ison Project (AMIP) models, the 20-km mesh MRI
AGCM reproduces the most realistic annual cycle of
global monsoon precipitation (Wang et al. 2011).
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The skill of CMIP5 models in simulating observed
global monsoon domains has been investigated by
Hsu et al. (2013) and Kitoh et al. (2013). Both of
these studies show that the ensemble mean precip-
itation of CMIP5 models reproduces the observed
GMA, GMP, and GMI, although the spread of
individual models is large. Figure 2 compares the
observed and simulated CMIP5 MME mean repre-
sentation of the global monsoon domain (Kitoh et al.
2013). Regionally, models have difficulty in simu-
lating monsoon rainfall in East Asia and the trop-
ical Pacific. The underestimation of the monsoon
domain in East Asia was noted by Kim et al. (2008)
for the CMIP3 models and remains the same in the
CMIP5 models. Even the best CMIP5 models cannot
remedy this deficiency (Lee and Wang 2014). Tung
et al. (2014) used a model-dependent precipitation
threshold (i.e., a type of bias correction) to define the
Asian summer monsoon domain. They found that the
CMIP5 models better reproduce the Asian summer
monsoon domain than the CMIP3 models both for
hit rate and threat score. Tung et al. (2014) also noted
that models that use the hybrid convective parameter-

10 :
| +o
91 o b

5 o
. . . &0, o
_ 8 T + =
= 7 éo@ﬂ ‘o
© 7 XL

| +

& .

6 -
S i i
0.1 0.15 0.2 0.25
GMA
Fig. 3. Scatter diagram of global monsoon area

(GMA) against global monsoon intensity (GMI;
mm day ') for observations and simulations.
GPCP and CMAP values are shown as crosses.
The present-day simulations are displayed
as closed circles, with plus signs for RCP4.5
future values and squares for RCP8.5. The large
closed circle, large plus sign, and large square
denote the CMIP5 multi-model means from a
29-member ensemble. GMA is scaled by global
surface area. Adapted from Kitoh et al. (2013).
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ization, combining bulk mass flux and CAPE closure
schemes, are better than models with other convection
schemes.

Hsu et al. (2011) and Kitoh et al. (2013) assessed
the GMA and GMI of each model against obser-
vations. Figure 3 shows a scatter diagram of GMA
against GMI for two observational datasets, GPCP
(Huffman et al. 2009) and CMAP (Xie and Arkin
1997), as well as for 29 CMIP5 models. Note that
observations (GPCP and CMAP) have approximately
10 % uncertainty in estimating GMA. The multi-
model ensemble closely matches the observations
although with a slight overestimation. However, there
is large inter-model scatter in both GMI and GMA,
indicating that each model has difficulty in repro-
ducing the areal distribution of precipitation and its
amount.

3.2 Asian monsoon
a. AOGCMs
(1) South Asian monsoon

The skill of CMIP3 models in simulating the South
Asian monsoon precipitation was investigated by
Kripalani et al. (2007b), who showed that 19 of the
22 models examined reproduced the observed annual
cycle well, with peaks of varying magnitude during
boreal summer. There is evidence that the CMIPS
models are better than the CMIP3 models at simu-
lating the Asian—Australian monsoon system. Several
studies have reported that the CMIP5S MME mean is
more skilful than the CMIP3 MME mean (Li et al.
2012; Sperber et al. 2013; Ogata et al. 2014; Wang
et al. 2014). However, CMIP5 and CMIP3 have
common biases in boreal summer mean precipitation
(Sperber et al. 2013; Shashikanth et al. 2014). Both
underestimate the seasonal mean precipitation amount
over the Asian continent from India to Southeast
Asia, and over eastern China, Korea, and southern
Japan (and thus weaker Meiyu—Baiu rainfall), while
they yield overestimates over the western Indian
Ocean and the Maritime Continent. The cold bias in
SST over the Arabian Sea in the CMIP5 models may
be one reason for a dry bias over India (Levine et al.
2013). The CMIP5 models’ simulation of ENSO-—
monsoon relations is inadequate (the correlation is too
weak) (Sperber et al. 2013). Although most models
still have deficiencies in simulations of the spatial
or intra-seasonal variation in monsoon precipita-
tion, some models show improved skill in the north-
ward propagation of convection (Sperber et al. 2013).
The CMIP5 models also simulate the seasonal cycle
of precipitation over the Indo—Australian monsoon
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region better than the CMIP3 models (Jourdain et al.
2013) but have a dry bias in the early rainy season
(Seth et al. 2013). Tung et al. (2014) noted a delayed
onset of the South Asian summer monsoon by CMIP
models compared with observations.

(2) East Asian monsoon

Kripalani et al. (2007a) examined the East Asian
monsoon precipitation simulated by CMIP3 models.
Of the 22 models examined, 14 reproduced the
observed annual cycle for East Asia. Using various
metrics, Boo et al. (2011) showed that CMIP3 models
can simulate the large-scale circulation of the East
Asian monsoon reasonably well but not precipita-
tion, seasonal cycle, and interannual variability. The
models’ performance in reproducing the monsoon rain
band is also poor (Lin et al. 2008). Ninomiya (2012)
noted that most CMIP3 models fail to reproduce the
Baiu rain band. Most CMIP3 models underestimate
the frequency of heavy precipitation in the tropics
(Dai 2006) and East Asia (Kusunoki and Arakawa
2012).

For East Asian summer precipitation, CMIP5
models exhibit significant improvement over CMIP3
models in the seasonal mean pattern correlation and
spatial standardized deviation ratio (Chen and Sun
2013a; Seo et al. 2013). However, the underestimation
of precipitation over China, Korea, and Japan found in
CMIP3 models remains in CMIP5 models (Chen and
Sun 2013a). Song and Zhou (2014a) compared the
simulation skill for the climatology and interannual
variability of East Asian summer monsoon between
CMIP3 and CMIP5 AGCMs. The early summer
Meiyu-Baiu rain band is inadequately simulated.
There is a weaker and southward shifted western
Pacific anticyclone, which is related to poor reproduc-
ibility of the interannual dipole rainfall pattern. This
teleconnection is improved from CMIP3 to CMIPS.
Wang et al. (2005) noted the importance of air-sea
coupling processes for simulations of the East Asian
summer monsoon. Song and Zhou (2014b) compared
the East Asian summer monsoon simulated by 34
CMIP5 AOGCMs with the corresponding AGCMs.
Although AOGCMs have local cold SST biases, these
lead to decreases in surface evaporation and enhance
the circulation, so the climatological low-level
monsoon circulation and Meiyu—Baiu rain band are
represented better in AOGCMs than in AGCMs. The
interannual variability (the Indian Ocean—western
Pacific anticyclone teleconnection pattern) is better
simulated in AOGCMs than in AGCMs. Huang et al.
(2013) noted the large spread among CMIP5 models
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in simulating the climatology and interannual vari-
ability of summer precipitation over Eastern China.
Uncertainties in simulating large-scale circulation
features such as the East Asian subtropical jet and
western Pacific subtropical high are possible reasons
for the large model spread in summer monsoon
precipitation.

Kusunoki and Arakawa (2015) showed that both
the CMIP5 and CMIP3 models have some difficulty
in simulating the seasonal march of the rainy season
over China, the Korean Peninsula, and Japan with
underestimated precipitation intensity over East Asia.
Nevertheless, the CMIPS models perform better in
reproducing the precipitation over East Asia than
the CMIP3 models with respect to the geograph-
ical distribution of precipitation throughout the year,
the seasonal march of the rainy season and extreme
precipitation events. Models that simulate annual
precipitation more realistically tend to yield more
realistic precipitation intensity in both CMIP5 and
CMIP3.

For the Asian winter monsoon, the spread between
the CMIP5 models is large for the lower-tropospheric
meridional wind and precipitation along the coast of
East Asia (Gong et al. 2014). Approximately half of
the CMIP5 models capture the observed ENSO-East
Asian winter monsoon relationship: i.e., a weak East
Asian winter monsoon in El Nifio years (Gong et al.
2014). Both CMIP5 and CMIP3 models overestimate
precipitation over East Asia in the October—April
season (Kusunoki and Arakawa 2015).

(3) Southeast Asian and western

North Pacific monsoons

The reproduction of the western North Pacific
summer monsoon by CMIP3 models has been eval-
uated by Inoue and Ueda (2009). Inadequate simula-
tion of the oceanic monsoon over the western North
Pacific in some models results in large inter-model
variability in the lower-tropospheric circulation.
Models have difficulty in reproducing the stepwise
eastward progress of the convection center from
the Indian Ocean toward the western North Pacific
during the maturing process of the monsoon. Siew
et al. (2014) examined the Southeast Asian winter
monsoon as simulated by CMIP5 models and found
that models simulated the broad spatial patterns of
winter monsoon precipitation but with a large spread
of wet bias.

(4) Historical trend
Observational records reveal the decadal variability
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and/or trends in monsoon precipitation. Whether
climate models can appropriately reproduce the
historical trend of monsoon precipitation is another
branch of model evaluation. Multiple observational
records show a decreasing trend in continental Indian
summer (JJAS) precipitation during 1951-2005 but
an increasing trend for a larger domain including the
nearby ocean (Ramesh and Goswami 2014). Local
acrosol abundance (Ramanathan et al. 2005; Bollasina
et al. 2011) and/or SST changes in the Indo—Pacific
Ocean (Annamalai et al. 2013) may explain the
decreasing rainfall trend.

The CMIP3 simulations capture the observed weak-
ening trend of the South Asian summer monsoon
circulation over the past half century, although they
underestimate this trend; however, they are unable
to reproduce the observed slight decrease in precipi-
tation (Fan et al. 2010). The CMIP5 ensemble mean
shows a slight negative trend, as observed. Note that
most models have trends that lie outside the observed
uncertainty. By investigating other metrics, Ramesh
and Goswami (2014) concluded that CMIP5 models
are no better than CMIP3 models at simulating the
historical trend of the Indian monsoon. Interestingly,
the historical simulations using the Laboratoire Mete-
orologie Dynamique zoomed (LMDZ) AGCM, which
has enhanced resolution (~35 km) over South Asia,
appear to capture the decreasing trend of the Indian
summer monsoon precipitation during the post-1950s
in response to anthropogenic forcing (Krishnan et al.
2016; Singh 2016).

In the CMIPS5 experiments, in addition to the
"Historical" run that includes all forcing, experi-
ments are performed for climate change detection
and attribution studies. The "HistoricalNat" experi-
ment uses only natural forcing; i.e., volcanoes and
solar variability. The "Historical GHG" experiment
uses GHG forcing only. The response to aerosols
can be estimated as a residual of these three experi-
ments. Neither of the experiments with GHG forcing
or natural forcing reproduces the observed decreasing
trend simulated by the all-forcing case. Attribution
studies show that anthropogenic aerosol has been
the dominant influence on NH monsoon precipita-
tion over the second half of the 20th century (Polson
et al. 2014; Salzmann et al. 2014; Song et al. 2014).
Regionally, changes in circulation and precipitation
are opposite. The combination of various aerosols in
the historical climate simulation of CMIPS models
leads to a weakened East Asian summer monsoon
circulation, while the increase of GHG contributes to
enhanced summer monsoon precipitation (Song et al.
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2014). Li et al. (2015b) also show that acrosol forcing
contributed to a reduction in Asian summer monsoon
precipitation in the 20th century. Guo et al. (2015)
show that indirect effects are the major driver of the
decreasing precipitation trend of the South Asian
monsoon during the 20th century. In contrast, Kim
et al. (2008) suggested that volcanic forcing was an
important factor in past precipitation variability of the
global monsoon.

Note that large uncertainty exists in the forcing
agents in historical experiments with climate models;
in particular, it is unknown whether the aerosol
forcing is appropriate in the historical experiment.
There have been significant LULCCs in the historical
period, mainly associated with agricultural develop-
ment. Whether these LULCCs are properly specified
as boundary conditions is also unclear.

b. High-resolution AGCMs

Climatemodels with higher resolution gener-
ally reproduce a better spatial pattern of the global
monsoon precipitation than do lower-resolution
models (Kim et al. 2008; Wang et al. 2011; Mizuta
et al. 2012; Watterson et al. 2014). Among CMIP
models, higher-resolution models tend to give better
precipitation climatology, frequency and intensity
over the East Asian summer (Chen and Sun 2013a;
Kusunoki and Arakawa 2015). Boos and Hurley
(2013) show that CMIP models have a systematic
bias over South Asia where the upper tropospheric
temperature maximum is too weak and shifted south-
east of its observed location. They suggested that
this is caused by a smoothed topography west of the
Tibetan Plateau, which allows the intrusion of dry air
from the west, suppressing moist convection. Sabin
et al. (2013) also reported the importance of high
resolution over the Hindu Kush Himalayan region.
These results suggest the requirement for high-res-
olution models to represent local topographic effects
(Chakraborty et al. 2006). Higher-resolution models
better reproduce the East African Highlands, which
results in improved representation of the Somali Jet
and thus moisture transport (Johnson et al. 2016). The
importance of a better representation of local topog-
raphy has also been shown by many other authors
(e.g., Xie et al. 2006; Rajendran and Kitoh 2008; Li et
al. 2015a).

The simulation of heavy precipitation during the
East Asian summer rainy season is improved by the
use of global models (Kusunoki et al. 2006) and
regional models (Gao et al. 2006; Kanada et al. 2008;
Kitoh et al. 2009) with horizontal resolution less than
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Fig. 4. June-September mean precipitation (mm day ') from the 20-km mesh MRI-AGCM3.2. (a) Present-day
climatology corresponding to the period 1979-2003. (b) Future changes for 2075-2099 using the CMIP5 MME

SST changes. Data from Kitoh and Endo (2016a, b).

100 km. Kitoh and Kusunoki (2008) and Kusunoki
et al. (2011) show that a 20-km mesh MRI-AGCM
reproduces well not only orographic rainfall but also
the Baiu rain band (Fig. 4a). Endo et al. (2012) show
that a 60-km mesh version of the MRI-AGCM3 has
comparable abilities to the 20-km model version in
reproducing monsoon precipitation and used it for
multi-physics and multi-SST ensemble experiments.
The variable-grid AGCM is another approach to
dynamical downscaling, employing a regionally
increased resolution over a target region and a coarse
resolution outside this region. Sabin et al. (2013) used

the variable resolution LMDZ AGCM and showed
that the simulation of the monsoon was significantly
improved, especially the representation of the south-
westerly monsoon flow and the heavy precipitation
along the narrow orography of the Western Ghats,
the northeastern mountain slopes and northern Bay of
Bengal, and the monsoon synoptic disturbances along
the monsoon trough.

Moist processes are the core of the tropical atmo-
sphere but are difficult to handle in climate models
with cumulus parameterization schemes. The global
Non-hydrostatic Icosahedral Atmospheric Model
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(NICAM) has been developed to run with a horizontal
resolution on the order of kilometers (Satoh et al.
2014), where clouds are explicitly calculated using a
cloud microphysics scheme without cumulus param-
eterization. The seasonal march of the Asian monsoon
is well reproduced by the 20-year climatology of the
14-km mesh NICAM (Kodama et al. 2015). However,
the model still has a northward bias in the location of
the summer monsoon westerlies. The boreal summer
mean precipitation bias resembles that of the CMIP5
MME.

4. Future projections of monsoons

TIn Section 2, the main agents that affect monsoons
were reviewed. Some of them will be further altered
by human activity in the coming century. Figure 5
shows schematically how future monsoons will be
changed by human activity (Christensen et al. 2013).
As the land surface warms faster than the ocean
surface, the land—sea temperature contrast increases.
Future changes in monsoon precipitation are derived
from changes in moisture flux convergence and local
evaporation, with the former generally being larger
than the latter (Endo and Kitoh 2014). Owing to the
rise in surface and tropospheric temperatures, water
vapor content in the atmosphere increases. Large-
scale atmospheric circulation will change as a result
of the warming. Atmospheric circulation slows down,
but water vapor transport from ocean to land and its
convergence over the monsoon regions increase as the

(a) present

A. KITOH 17

moistening effect (thermodynamic component) domi-
nates the effect of the weakening circulation (dynamic
component). An increase in atmospheric water vapor
(precipitable water) leads to increasing potential for
heavy precipitation. Changes in aerosols and land use
can affect the absorption of solar radiation, thereby
influencing the land-sea temperature contrast. Aero-
sols can also modify precipitation amount through
cloud-producing processes.

Future climate projections have been made using
several scenarios in CMIP3 and CMIP5 simulations.
The global mean surface air temperature will change
throughout the 21st century, depending on the accu-
mulated anthropogenic CO, emissions (IPCC 2013).
Global precipitation will increase with increasing
global mean surface temperature, but there will be
substantial spatial variations in the change in precip-
itation. The contrast of annual mean precipitation
between dry and wet regions will increase as will
the contrast between wet and dry seasons (Collins
et al. 2013; Seth et al. 2013). There is a large inter-
model spread in projected regional precipitation in
the tropics (Christensen et al. 2013). Efforts have
been made to understand this inter-model spread. The
spatial pattern of the total precipitation changes will
roughly follow the "wet-gets-wetter" pattern (Held
and Soden 2006) or, over the ocean, the warmer-
gets-wetter pattern (Xie et al. 2010; Chadwick et al.
2013). The increase in specific humidity in a warmer
atmosphere results in more moisture convergence in

(b) future
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Fig. 6. Time series of simulated anomalies over the global land monsoon domain for (a) precipitation (mm dﬁl), (b)

evaporation (mm dﬁl), (c) water vapor flux convergence in the lower (below 500 hPa) troposphere (mm dﬁl) and
(d) wind convergence in the lower troposphere 103 kg m > s’l), relative to the base period average (1986-2005),
based on 23 CMIPS model monthly outputs. Historical (gray), RCP4.5 (blue), and RCP8.5 (red) simulations are
shown by the 10th and 90th percentiles (shading), and by all-model averages (thick lines). Adapted from Kitoh et

al. (2013).

climatologically wet regions and more moisture diver-
gence in climatologically dry regions, thus leading
to the "wet-gets-wetter" pattern. Changes in atmo-
spheric circulation modify this mechanism to produce
different precipitation anomalies. Over the tropical
ocean, precipitation increases where the SST warming
exceeds the tropical mean and vice versa ("warmer-
gets-wetter" pattern). Oueslati et al. (2016) show that
circulation differences from different cloud radiative
effects result in the inter-model spread over oceans
and continental coasts, while differences in water
vapor increase that originate from differences in evap-
oration result in the spread over inland regions.

4.1 Global monsoon

CMIPS5 models project a future increase in the
global monsoon area (Chen and Sun 2013b; Hsu et
al. 2013; Kitoh et al. 2013; Lee and Wang 2014; Hsu
2016). The CMIP5 MME shows an expansion of the

global monsoon domain over the central to eastern
tropical Pacific, the southern Indian Ocean and East
Asia. The median change of GMA is 5.4 % and 9.4
% for RCP4.5 and RCP8.5, respectively, between
the present (1986-2005) and the future (2080-2099)
(Fig. 3; Kitoh et al. 2013). These results are essen-
tially consistent with CMIP3 model results (Hsu et
al. 2012, 2013) but with some regional differences
(Lee and Wang 2014). Different values for the GMA
change can be obtained depending on the scenarios,
both for selected CMIP5 models (Lee and Wang
2014) and high-resolution AGCMs (Hsu et al. 2012).
In fact, inter-model spread is large: the 10th and 90th
percentile changes of CMIP5 models in GMA for
RCP8.5 are 0.4 % and 17.4 %, respectively (Kitoh et
al. 2013). An increased contrast between wet and dry
seasons may be responsible for the future expansion
of the GMA. Seth et al. (2013) noted a redistribution
of precipitation from early to late rainy season.
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with respect to the 1900-1949 climatology. The
time series are smoothed with an 11-yr running
average. Units are mm d~'. Adapted from Li et
al. (2015b).
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In a future warmer climate, GMI will strengthen
(Hsu et al. 2013; Kitoh et al. 2013; Wang et al. 2014).
The CMIP5 models project a 3.6 % (5.5 %) change in
GMI for RCP4.5 (RCP8.5) (Kitoh et al. 2013). Again,
uncertainty among models is large, with some models
showing negative or no change in GMI. As both
GMA and GMI are projected to increase in a future
warmer world, the monsoon area will receive more
rainfall (GMP will increase much more). The GMP
changes of the CMIP5 model median at the end of the
21st century are 9.0 % and 16.6 % for RCP4.5 and
RCPS8.5, respectively.

Using a precipitation threshold to define a rainy
season in CMIP5 models, Kitoh et al. (2013) show
that monsoon onset dates will advance and retreat
dates will be delayed, resulting in a longer duration
for future South and East Asian summer monsoons.
The same changes are projected in CMIP3 models for
East Asia (Kitoh and Uchiyama 2006) and South Asia
(Krishna Kumar et al. 2011). However, different defi-
nitions of the monsoon may yield different results.

The projected proportional changes in precipita-
tion extremes are much greater than those in the total
precipitation amount. Under the RCP8.5 scenario, the
multi-model median of the simple precipitation daily
intensity index (SDII), defined as the total precipita-
tion divided by the number of days with precipitation
>1 mm, will increase by 8.9 %, while the seasonal
maximum precipitation total in five consecutive
days (Rx5d) will increase by 19.5 % over the global
monsoon domain (Kitoh et al. 2013). The propor-
tional changes in Rx5d under the RCP8.5 scenario
are largest over the South Asian monsoon domain,
followed by the East Asian domain (Kitoh et al.
2013). Freychet et al. (2015) show that the changes
in vertical circulation and moisture advection explain
the changes in frequency and intensity of precipitation
extremes.

Atmospheric circulation is projected to weaken in
the tropics (Vecchi and Soden 2007). Using the inten-
sity of the kinematic circulation associated with the
monsoon system in terms of the 200 hPa velocity
potential, Tanaka et al. (2005) show a 20 % weak-
ening in the boreal summer monsoon circulation at the
end of the 21st century in the 15-model CMIP3 MME
under the SRES A 1B scenario.

The lower-tropospheric wind weakens throughout
the 21st century, and the magnitude of the conver-
gence over the monsoonal rain area decreases.
However, owing to increased moisture content asso-
ciated with increasing air temperature, the moisture
flux convergence will increase in the future. Surface
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Fig. 8. Future changes in (a, b) June—September, and (¢, d) December—March mean precipitation and 850 hPa wind
fields. (a, ¢) A 23-model CMIP3 MME under the SRES A1B scenario, and (b, d) 40-model CMIPS MME under
the RCP4.5 scenario with a common 2.5° by 2.5° grid. Grid points where two-thirds of models agree on the sign
of the changes are shaded for precipitation and shown in bold vectors for both zonal and meridional winds.

evaporation also increases owing to warmer surface
temperature. Therefore, the projected increase of the
global monsoon precipitation can be attributed to an
increase in moisture convergence owing to increased
surface evaporation and water vapor in the air
column, although this is offset to a certain extent by
weakening of the monsoon circulation (Fig. 6; Kitoh
et al. 2013).

Regional precipitation changes can be divided into
thermodynamic and dynamic effects. During the 20th
century, the contribution from aerosol forcing domi-
nates that from GHGs, leading to the general drying in
the Asian summer monsoon region (Song et al. 2014;
Li et al. 2015b). The relative contributions of aerosols
and GHGs vary in the 21st century, when the thermo-
dynamic effect dominates the dynamic effect (Fig. 7;
Li et al. 2015b). As local moisture content increases
rather uniformly over the global monsoon domain,
regional differences in rainfall change are largely
explained by differences in the dynamic effect. In the
Asian monsoon regions, monsoon circulation slows
down at a much lower rate than in the other monsoon
regions, and surface evaporation increases at a higher
rate, resulting in a much larger increase in rainfall
(Endo and Kitoh 2014).

4.2 Asian monsoon
a. AOGCMs

Figure 8 shows projected future changes in boreal
summer (JJAS) and winter (December—March)
mean precipitation and 850 hPa wind fields from the
CMIP3 MME mean under the SRES A1B scenario
and CMIP5 MME mean under the RCP4.5 scenario.
As described later, overall projections are similar
between the CMIP3 and CMIP5 models, but differ-
ences exist in local changes in precipitation and 850
hPa winds.

(1) South Asian monsoon

Previous studies with a single model or multi-
models have shown that the South Asian summer
monsoon precipitation is projected to increase in a
future warmer world (Meehl and Washington 1993;
Lal et al. 1994, 2001; Bhaskaran et al. 1995; Kitoh et
al. 1997; Hu et al. 2000b; Douville et al. 2000; May
2002, 2011; Meehl and Arblaster 2003; Turner et al.
2007; Stowasser et al. 2009; Cherchi et al. 2011).
Not only will the long-term mean precipitation but
also its interannual variability and extremes increase.
The meridional temperature gradient (MTG) in the
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mid to upper troposphere between the Indian Ocean
and the Tibetan Plateau is an important index of the
South Asian monsoon (Li and Yanai 1996; Dai et al.
2013). Reversals of the MTG are concurrent with the
onset and withdrawal of the Asian summer monsoon.
A greater warming in the mid to upper troposphere
over the tropical Indian Ocean than over the Asian
continent results in a weakening of the MTG in a
future warmer world (Ueda et al. 2006). Despite
a weakening of the monsoon vertical wind shear
index, which is often used as an index of dynam-
ical monsoon strength, the Indian summer monsoon
precipitation will increase with global warming owing
to increased moisture content in the atmosphere
(Bhaskaran et al. 1995; Kitoh et al. 1997; Douville
et al. 2000; Ashrit et al. 2003; Meehl and Arblaster
2003; Ueda et al. 2006; Stowasser et al. 2009).

When the CO, reaches double its pre-industrial
concentration, in the experiment with the idealized
1 % per year compound increase, the CMIP3 MME
projects an 8 % increase in summer rainfall for the
South Asian region (Kripalani et al. 2007b). An
increasing tendency of the Indian summer monsoon
rainfall is also obtained by CMIP3 models under
SRES scenarios (Krishna Kumar et al. 2011; Sabade
et al. 2011; Fan et al. 2012; Turner and Annamalai
2012).

The CMIP5S MME is more skilful than the CMIP3
MME at simulating the present-day monsoon clima-
tology (Sperber et al. 2013). The CMIP5 models
simulate stronger secasonal mean rainfall in the
future compared with that in the historical period
(Chaturvedi et al. 2012; Menon et al. 2013). The
interannual variability of the Indian monsoon rain-
fall also shows a positive trend. The MTG in the
Indian sector is reduced in both CMIP3 and CMIP5
projections, in association with enhanced heating
in the upper troposphere over the equatorial region
(Ogata et al. 2014; Sooraj et al. 2015). The increase
in atmospheric moisture content owing to atmospheric
warming, resulting from increasing moisture flux
convergence, acts to enhance precipitation despite the
weakening of the circulation (Endo and Kitoh 2014;
Li et al. 2015b; Mei et al. 2015). Mei et al. (2015)
further show that the remote Indian Ocean and local
recycling are the largest and second largest sources
for precipitation over India at present, respectively,
but the strengthening remote source (warmer Indian
Ocean) is a robust driver of precipitation change in
the 21st century. Sabeerali et al. (2015) argue that
CMIP5 models overestimate convective precipitation
compared with stratiform precipitation in their present
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climate simulations (cf. Dai 2006), thus producing
too much convection and consequently too much
warming in the tropical upper troposphere in the
future climate.

Srivastava and DelSole (2014) analyze 23 CMIPS
models and report a robust response in South Asian
summer monsoon precipitation under the RCP8.5
scenario, characterized by enhanced precipitation
in South Asia and diminished precipitation over
the Maritime Continent. This zonal dipole pattern
becomes clear by the middle of the 21st century.
Jayasankar et al. (2015) show an increase in Indian
summer monsoon precipitation but with large model-
to-model spread. They also report that nearly half
of the models project an increase in interannual
variability while the others project a decrease. By
selecting a sub-set of models with good performance
in representing the mean seasonal cycle in the present
climate, an increase in projected mean and interan-
nual variability in Indian summer monsoon precipita-
tion is obtained, with an increase in high-to-extreme
precipitation. An intensification of the hydrological
cycle is reported over South Asia, mainly in precipita-
tion and moisture flux convergence (Prasanna 2015).
Strong Indian summer monsoons will be more active
and weak monsoons will be drier owing to longer
active and break spells, and both extreme wet and dry
episodes will intensify (Sharmila et al. 2015).

Ogata et al. (2014) compare changes in the Asian
monsoon in the CMIP3 SRES A1B simulations and
the CMIPS RCP4.5 simulations between 1981—
2000 and 2081-2100. The CMIP3 MME projected
increases in precipitation and attenuation of circu-
lation over broad regions in Asia. In contrast, the
CMIPS MME projected an acceleration of clima-
tological low-level monsoon westerlies, particu-
larly in subtropical regions (10-20°N). To the south
(0-20°N), models agree on easterly wind anoma-
lies at 850 hPa; i.c., a weakening of the climatolog-
ical surface monsoon westerlies in the future climate.
A poleward shift of low-level westerlies is another
aspect of the weakening of the monsoon circulations
(Sandeep and Ajayamohan 2015).

(2) East Asian monsoon

Both the circulation and precipitation of the East
Asian summer monsoon are projected to strengthen
through the 2Ist century under various scenarios.
Some earlier multi-model studies show summer
precipitation increase over East Asia but the inter-
model scatter is large (Giorgi et al. 2001; Hu et al.
2003). Increased heavy precipitation is also projected
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(Kimoto et al. 2005; Kitoh et al. 2005). The MME of
four skilful AOGCMs shows that East Asia will expe-
rience wetter summers in the 21st century under the
SRES A2 and B2 scenarios, with a larger increase
over the continent than over the ocean (Min et al.
2004). The CMIP3 models projected increased and
more intense East Asian summer monsoon precipi-
tation owing to enhanced moisture convergence in a
warmer climate (Kimoto 2005; Kripalani et al. 2007a;
Chen and Sun 2009; Kim and Byun 2009; Sun and
Ding 2010; Lee et al. 2011; Li et al. 2011; Jiang et
al. 2012; Kusunoki and Arakawa 2012). Lu and Fu
(2010) report an increase in the interannual variability
of summer monsoon precipitation.

The increase of the East Asian summer monsoon
precipitation is associated with projected intensifica-
tion of the North Pacific subtropical high (Kripalani
et al. 2007a). Kusunoki and Arakawa (2012) show
that the all-model MME projects greater precipitation
intensity over almost all of East Asia under the SRES
A1B scenario. Sometimes an ensemble of models
that perform better for a particular aspect is used; i.e.,
a best models ensemble rather than the all models
ensemble. When the five best models are used for
the MME, the spatial pattern of precipitation inten-
sity change is similar to that of the all-model MME
but the local magnitudes of change are different.
Seo and Ok (2013) selected the six best-performing
CMIP3 models for the East Asian summer monsoon.
An ensemble of these six models projects a 10-20
% increase in East Asian summer monsoon precip-
itation under the SRES A1B scenario for the period
2079-2099 over the present period 1979—1999, while
the all-model ensemble gives only half this increase.
They found that an increase in moisture flux conver-
gence owing to a significant increase in atmospheric
water vapor, rather than a change in monsoonal
low-level circulation, is responsible for the enhanced
precipitation in the future climate. Kitoh and Uchi-
yama (2006) found a late withdrawal of the Baiu in
the CMIP3 MME, as observed in eastern and western
Japan (Endo 2011).

Seo et al. (2013) examined CMIP5 models under
the RCP6.0 scenario, which is close to the SRES A1B
scenario and obtained a marked precipitation increase
of 10-15 % toward the end of the 21st century over
the major monsoonal front region. They show that
CMIP5 models project a statistically significant
precipitation increase over the Baiu region and to
the north and northeast of the Korean Peninsula. The
change in the latter relatively dry region is not seen
in CMIP3 models. A northwestward intensification
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of the western North Pacific subtropical high may be
related to this feature, which is not present in CMIP3
projections. There is a lack of consensus on changes
in the western North Pacific subtropical high. He
and Zhou (2015) show that approximately half of the
CMIP5 models project an enhanced western North
Pacific subtropical high, while approximately half
of the models project a weakened subtropical high.
Models with a significant increased subtropical high
also tend to give a significant increase in the East
Asian monsoon precipitation and vice versa. Using
eddy geopotential height as a definition of the western
North Pacific subtropical high, He et al. (2015)
discuss a weakening and an eastward retreat of the
western North Pacific subtropical high under global
warming, accompanied by an eastward expansion of
the East Asian rain belt along the northwestern flank
of this high.

Ogata et al. (2014) analyze CMIP5 RCP4.5 simu-
lations and obtain JJA mean maximum precipita-
tion changes to the south of Japan, concurrent with a
southward shift of the Baiu rain band. This feature is
consistent with the CMIP3 models (Kitoh and Uchi-
yama 2006; Inoue and Ueda 2012). In contrast, Seo
et al. (2013) report little movement of the monsoonal
major rain band. Both the increased moisture over the
climatological ascent region and increased evapora-
tion contribute to increased summer rainfall in East
Asia (Qu et al. 2014).

Chen and Sun (2013a) show that the CMIP5 MME
averages under the RCP4.5 scenario project increases
in precipitation and its intensity over almost all of
East Asia in the near future (2016-2035), while the
precipitation frequency is projected to decrease over
eastern China and around Japan, and increase in other
regions. At the end of the 21st century, the CMIP5
best-model MME projects a statistically significant
increase in total precipitation, with intense precipi-
tation frequency over the Baiu rain band to the south
of Japan. Changes in intense precipitation frequency
are not significant over Japan, Korea, and East China.
Jiang and Tian (2013) show a slight strengthening of
southerly flow in East China.

CMIPS5 projections also indicate an increase in the
magnitude of heavy precipitation events (SDII and
Rx5d). Based on 29 CMIP5 models, median values
of total precipitation (Pav), SDII, and Rx5d show
increases of 5.3 %, 7.3 %, and 10.1 % under RCP4.5
and of 6.8 %, 14.1 %, and 18.9 % under RCPS.5,
respectively, over the domain of the East Asian land
monsoon (Kitoh et al. 2013). Endo and Kitoh (2014)
show that the thermodynamic effect (increase in
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moisture content) overwhelms the dynamic effect
(decrease in dynamic wind convergence), resulting in
a large increase in precipitation in East Asia.

Few studies have considered multi-model future
changes of the Asian winter monsoon compared with
its summer counterpart. Global warming gives more
land surface warming than ocean warming, thereby
reducing the contrast of near-surface temperature and
sea-level pressure in winter between the Asian conti-
nent and the Pacific Ocean. However, there is a local
exception, around the northern North Pacific where a
reduction in sea ice causes greater warming over the
Okhotsk Sea and the Bering Sea.

Some earlier studies have shown model-depen-
dent changes in the Asian winter monsoon owing to
global warming (Boer et al. 2000; Giorgi and Fran-
cisco 2000; Hu et al. 2000a; Lal and Harasawa 2001).
The CMIP3 MME shows weakening of the East Asian
winter monsoon winds, associated with weakening
intensity of both the Aleutian Low and the Siberian
High (Kimoto 2005; Hori and Ueda 2006). CMIP3
models under the SRES A2 and B2 scenarios exhibit
large inter-model variability in projected changes of
East Asian winter precipitation, although the CMIP3
MME tends to exhibit reduced winter precipitation
(Min et al. 2004). Three AOGCMs show a decrease
in annual and seasonal maximum wind speeds over
China in the 21st century owing to both the reduced
intensity of cold surges and the reduced intensity
of winter monsoons (Jiang et al. 2013). Regarding
the uncertainty of CMIP3 model future projections,
Yamaguchi and Noda (2006) noted the opposing influ-
ences on circulation changes in this region from the
positive AO-like change at high latitudes and the El
Niflo-like SST change at low latitudes. The AO-like
change tends to be associated with positive sea-level
pressure anomalies whereas the El Nifo-like SST
change is associated with negative sea-level pressure
anomalies in the North Pacific.

Figures 8c and 8d show the December—March
mean wind anomalies at 850 hPa for the CMIP3 and
CMIP5 MME mean. In the northwestern Pacific,
westerly and easterly wind anomalies are observed
around 45°N and 30°N, respectively. Based on the
surface meridional wind strength index, the ensemble
mean of CMIP3 and CMIP5 models shows a weak-
ening (strengthening) East Asian winter monsoon
circulation north (south) of approximately 25°N,
associated with the northward shift of the Aleutian
Low, and decreased northwest—southeast thermal
and sea level pressure differences across Northeast
Asia (Jiang and Tian 2013). The CMIP5S MME proj-
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ects significant intensification and a northward shift
of the Aleutian Low, associated with strong warming
over the high-latitude North Pacific owing to a reduc-
tion of sea ice in the Bering Sea and the Okhotsk Sea
(Ogata et al. 2014; Hong et al. 2016; Xu et al. 2016).
A cyclonic circulation anomaly north of 40°N and
an anticyclonic anomaly south of 40°N in the North
Pacific are consistent with the positive trend of the
AO. Thus, northwesterly monsoonal winds will be
enhanced over coastal regions of high-latitude north-
eastern Asia, while those around the Korean Peninsula
and south of Japan will weaken.

(3) Southeast Asian and western North Pacific
MONnsoons

The CMIP3 models project decreasing precipita-
tion during June—August over the Indonesian region
owing to an eastward shift of convection areas asso-
ciated with El Nifio-like Pacific SST changes (Ose
and Arakawa 2011). The CMIP5S MME projects a
moderate increase in precipitation in Southeast Asia
and the western North Pacific region, and a decrease
in the Indonesian region neighboring the southeast
Indian Ocean during boreal summer (Christensen et
al. 2013). However, there is no consensus on precipi-
tation changes over the Maritime Continent (Jourdain
et al. 2013). Northeasterly winds over Southeast Asia
and the northern South China Sea will increase (Xu
et al. 2016) with cyclonic circulation anomalies over
the South China Sea (Siew et al. 2014). Associated
with these cyclonic anomalies, a northward and south-
ward expansion of the ITCZ is projected, with rainfall
increasing at ~10°N and ~5°S (Siew et al. 2014).

b. High-resolution AGCMs
(1) South Asian monsoon

High-resolution models can resolve well the
regional details of precipitation changes associated
with orographic rainfall (Fig. 4b). The MRI 20-km
mesh AGCM has been used in a time-slice manner to
project future monsoon precipitation changes (Rajen-
dran and Kitoh 2008; Rajendran et al. 2012, 2013;
Krishnan et al. 2013). With an experiment using the
CMIP3 MME mean SST changes under the SRES
A1B scenario, Rajendran and Kitoh (2008) noted
an increase in the simulated monsoon rainfall over
the interior of the Indian subcontinent and a signifi-
cant reduction in orographic rainfall over the west
coasts of Kerala and Karnataka. The rainfall reduc-
tion over the west coast was mostly to the south of
15°N and was accompanied by a marked reduction
in the southwesterly winds over the eastern Arabian
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Sea. By comparing 20-, 60-, 120-, and 180-km mesh
versions of MRI-AGCM, Rajendran et al. (2013)
show that a high resolution is crucial not only for
realistic mean summer monsoon simulation but also
for obtaining useful future projections of the Indian
summer monsoon and extremes, as lower-resolu-
tion models fail to capture the observed character-
istics of present-day monsoon rainfall and its spatial
heterogeneity. As shown in Fig. 4b, a reduction in
JJAS mean precipitation over the western coast of the
Indian subcontinent is a robust feature of the 20-km
mesh MRI-AGCM. Using four-member 20-km mesh
MRI-AGCM experiments, Kitoh and Endo (2016a)
show that the largest extreme precipitation increases
are found in South Asia. A robust increase in the
frequency of heavy precipitation (> 100 mm d')
over central India is projected by the high-resolution
LMDZ model (Krishnan et al. 2016).

Endo et al. (2012) assess the uncertainty of future
changes in mean and extreme precipitation by
conducting 12 ensemble projections using 60-km
mesh MRI AGCMs. Three different cumulus schemes
and four different SST change patterns were used.
Mean and extreme precipitation generally increase
in future climate simulations in South Asia but their
changes show marked differences among the projec-
tions, suggesting some uncertainty. Further investiga-
tion by analysis of variance revealed that the uncer-
tainty in the precipitation changes is derived mainly
from differences in the cumulus schemes.

(2) East Asian monsoon

A series of global warming experiments using
20-km and 60-km mesh AGCM (MRI-AGCM) has
been used to investigate future changes in precipita-
tion extremes (Kitoh et al. 2009, 2016). These experi-
ments show that the higher-resolution model better
reproduces the Baiu rain band (Kusunoki et al. 2006;
Kitoh and Kusunoki 2008) and tropical cyclones
(Murakami et al. 2012). The 20-km AGCM shows
increases in precipitation amounts and intensity over
the Yangtze River valley, the East China Sea, Western
Japan, and the ocean to the south of Japan (Kamiguchi
et al. 2006; Kusunoki et al. 2006, 2011; Kusunoki and
Mizuta, 2008; Kitoh and Endo 2016a). Over South
Korea, the number of heavy precipitation events such
as days with precipitation greater than 100 mm will
increase not only in summer but also in winter (Lee et
al. 2013). Increased water vapor convergence associ-
ated with the intensified subtropical high is thought to
be responsible for these future precipitation changes.

Three-member ensemble simulations with a 60-km
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mesh MRI AGCM for the period 1872-2099 revealed
a monotonic increase in annual mean precipitation,
SDII, and Rx5d averaged over East Asia through the
21st century (Kusunoki and Mizuta 2013). Intense
rainfall will increase over northern and southern
China in the late 2lst century. The proportional
change in precipitation per 1°C rise in surface air
temperature for SDII and Rx5D is much larger than
that for total precipitation during the 21st century,
suggesting that extreme rainfall events will increase
more than moderate rainfall events for a given
temperature rise. Endo et al. (2012) assessed the
uncertainty of future changes in mean and extreme
precipitation using 60-km mesh MRI AGCMs. Over
East Asia, mean precipitation changes are consistent
among the projections. Over South China and Japan,
the rate of change of SDII and Rx5d is higher than
that for mean precipitation, whereas the reverse holds
over North China. The uncertainty in the precipitation
changes in South China comes mainly from differ-
ences in the cumulus schemes.

Chen et al. (2011) used the variable-grid LMDZ
model, which has approximately 60 km resolution
over China, to investigate changes in precipitation
extremes in China. With four experiments for future
climate, they obtained 67 % and 10-13 % increases
in SDII and Rx5d, respectively, in southeast China
in the middle of the 21st century under the SRES A2
scenario.

(3) Southeast Asian and western North Pacific
Monsoons

Endo et al. (2012) found that mean as well as
extreme precipitation will increase in Southeast Asia,
but their changes show marked differences among
ensemble members. Winter monsoon precipitation is
projected to decrease in the Indochina peninsula. The
uncertainty in the precipitation changes over South-
east Asia is derived mainly from differences in the
cumulus schemes used, while that over the Maritime
Continent originates primarily from the differences
in the future SST anomaly patterns used. A decrease
in tropical cyclone activity means that climatological
mean heavy precipitation such as Rxld will only
modestly increase in the western North Pacific, but its
interannual variability will significantly increase at the
end of the 21st century (Kitoh and Endo 2016b).

5. Concluding remarks

This review article has focused on climate
modeling studies of the Asian monsoon and its future
changes. In recent decades, modeling capabilities
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have developed with the incorporation of sophisti-
cated parameterizations and an increase in horizontal
and vertical resolution. However, current GCMs still
have various biases in simulating many aspects of
monsoons. As the monsoon is a complex atmosphere—
land—ocean coupled system, every effort is needed to
improve climate models not only in each sub-system
but also the interaction among sub-systems. Although
the speed of climate model development is slow,
models have been improving and will improve further.
The next phase of CMIP (CMIP6) has already begun
(Eyring et al. 2016), and the results of those simula-
tions will become available in a few years.

The Asian summer monsoon precipitation is
projected to increase into the 21st century owing to
global warming. In general, the thermodynamic and
dynamic effects oppose each other, with the former
enhancing and the latter reducing monsoon precipita-
tion. During the 20th century, the contribution from
aerosol forcing dominated that from GHGs, leading
to the general drying of the Asian summer monsoon
precipitation. The contribution of GHGs is predicted
to dominate the 21st century when a middle- or high-
CO, concentration scenario is realized. However,
there are uncertainties regarding the contribution
of aerosols and atmospheric circulation changes to
regional precipitation projections. These uncertainties
need further study.

Dynamical downscaling by a nested RCM is one
approach to obtain regionally fine-scale information
for climate change. In this review article, simulations
by RCMs are intentionally omitted. As the boundary
conditions of RCMs come from the GCMs, the large-
scale component of the projections will not change
much from that of the parent GCMs. For this reason,
downscaling by RCMs is not reviewed in this article.
Recently, some RCMs have employed horizontal
resolution of a few kilometers and a non-hydrostatic
convection-permitting scheme. Together with better
representation of topography and underlying land
surface, with even an urban canopy scheme in some
models, these RCMs have the ability to add value to
the simulated output from the parent GCMs (Kitoh et
al. 2016; Takayabu et al. 2016).
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