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Forty-two climate models participating in the Coupled Model Intercomparison Project Phases 3 and 5 were first evaluated in
terms of their ability to simulate the present climatology of the East Asian winter (December—February) and summer (June—
August) monsoons. The East Asian winter and summer monsoon changes over the 21st century were then projected using the
results of 31 and 29 reliable climate models under the Special Report on Emissions Scenarios (SRES) mid-range A1B scenario or
the Representative Concentration Pathways (RCP) mid-low-range RCP4.5 scenario, respectively. Results showed that the East
Asian winter monsoon changes little over time as a whole relative to the reference period 1980-1999. Regionally, it weakens
(strengthens) north (south) of about 25°N in East Asia, which results from atmospheric circulation changes over the western North
Pacific and Northeast Asia owing to the weakening and northward shift of the Aleutian Low, and from decreased north-
west-southeast thermal and sea level pressure differences across Northeast Asia. In summer, monsoon strengthens slightly in East
China over the 21st century as a consequence of an increased land-sea thermal contrast between the East Asian continent and the
adjacent western North Pacific and South China Sea.
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The East Asian monsoon has varied over a range of time-
scales since the mid-20th century. Among these include a
weakened trend from the mid-1960s and a slight recovery
from the early 1990s for the East Asian summer (June—
August) monsoon (EASM), a weakened trend of the East
Asian winter (December—February) monsoon (EAWM)
since the mid-late 1980s, and a changed relationship be-
tween the East Asian monsoon and global climate [1-11].
Because change in the East Asian monsoon is directly re-
lated to climate anomalies such as floods and droughts in
East China, and hence impacts greatly on the national
economy and people’s daily lives, how it might change un-
der future global warming is one of the central issues in
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climate change research. In recent years, more and more
attention has been paid to the projection of climate change
in China. However, most of this has focused on temperature,
precipitation, and their extremes. Little emphasis has been
placed upon the East Asian atmospheric circulation, includ-
ing the East Asian monsoon [7,12,13].

In theory, the rate of surface temperature increase is
stronger over land than over the oceans in the process of
global warming, and monsoon should strengthen accord-
ingly in response to an increased land-sea thermal contrast.
However, this hypothesis does not consider the interaction
of changes in large-scale atmospheric circulations, and
whether it is effective for the complicated East Asian mon-
soon system [14,15] remains unclear. In the literature,
opinion differs on the response of the East Asian monsoon

csb.scichina.com  www.springer.com/scp



1428 Jiang D B, et al.

to increased atmospheric greenhouse gas concentrations
based on numerical experiments of either individual or mul-
tiple climate models. Among those opinions, the EASM is
projected to strengthen [5,7,16—19], strengthen slightly only
over South China [20,21], vary little [22], and remain nor-
mal in terms of intensity [23]; while the EAWM is projected
to weaken [7,16,24], weaken over East China [25], weaken
slightly over East China [17], and strengthen only over
Northeast China [22]. Given that there are differences in
climate models, emissions scenarios, and analysis methods
among those studies, and that most of them do not assess
whether climate models can reliably reproduce the present
East Asian monsoon circulation, it is difficult to obtain a
consistent view of the future East Asian monsoon. At pre-
sent, the focus is to use the outputs of reliable climate mod-
els to project future changes in the East Asian monsoon
from the perspective of multiple climate models and climate
dynamics, particularly based on state-of-the-art climate
models worldwide.

Taken together, using all available data of climate mod-
els participating in the Intergovernmental Panel on Climate
Change (IPCC) Assessment Reports Four and Five, this
study assesses the changes in the EASM and EAWM over
the 21st century under the Special Report on Emissions
Scenarios (SRES) mid-range A1B scenario or the Repre-
sentative Concentration Pathways (RCP) mid-low-range
RCP4.5 scenario. Particular emphasis is given to the most
common changes among climate models and the underlying
dynamical mechanisms.

1 Data and methods

Many climate models have been used to simulate the pre-
sent and future climates in the Coupled Model Intercompar-
ison Project Phases 3 (CMIP3) and 5 (CMIP5). According
to the availability of output data from the CMIP3 20th Cen-
tury Climate in Coupled Models (20C3M) simulation, the
CMIP5 historical simulation, the CMIP3 SRES Al1B [26]
simulation, and the CMIP5 RCP4.5 [27,28] simulation, the
results of 23 and 19 climate models archived respectively in
the CMIP3 and CMIP5 were applied in the present study.
Basic information about those climate models and experi-
ments is provided in Table 1. More details are available
online at http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php
and http://cmip-pcmdi.llnl.gov/cmip5/. In addition, data
used to assess the ability of the models were taken from the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) reanaly-
sis [29] of monthly meridional winds at 850 hPa and 10 m
(hereafter referred to as observation).

Since the response of climate models to the same or sim-
ilar forcing conditions differs from model to model, the
multi-model ensemble mean with the same [30] or different
[31] weights is generally used to obtain common results of
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climate models in the literature. In this study, multiple en-
semble runs, as shown in Table 1, were first averaged into a
set of data with the same weights. Second, all model and
observation data were aggregated to a relatively mid-range
horizontal resolution of 144 x 90 (longitude x latitude,
roughly equivalent to 2.5° x 2°) through a bilinear or area-
based interpolation algorithm. The ensemble mean of mul-
tiple climate models was then obtained using the same
weights across the reliable models of concern. In addition,
considering that climate change projection is with respect to
the late-20th century, that part of the 20C3M simulations
ends in the year 1999, and that the NCEP-NCAR reanalysis
data are more reliable after 1979 owing to the availability of
satellite data, the period 1980-1999 was chosen as the ref-
erence period here.

2 Evaluation of the models

It is widely accepted that the East Asian monsoon is com-
posed of tropical and subtropical monsoon circulations, and
that wind directions are generally opposite in the lower
troposphere between winter and summer [14,15]. In winter,
northeasterly winds prevail in the lower troposphere below
about 700 hPa over the eastern side of the Siberian high and
over coastal East Asia. These air flows are divided into two
branches in the areas south of Japan. One turns eastward to
the subtropical western North Pacific, and the other turns
southward and flows along coastal East Asia and onto the
South China Sea. Because northerly winds are most signifi-
cant in the near-surface atmosphere, the geographical dis-
tribution of meridional wind at 10 m was used to evaluate
the ability of the models on the basis of 124 grid points
within the regions of 25°-40°N and 120°-140°E together
with 10°-25°N and 110°-130°E according to previous
studies [9,14,15,32]. In summer, southerly winds prevail in
the lower troposphere, particularly at 850 hPa, over East
China and the western side of the western North Pacific
subtropical high. Referring to previous studies [14,15,33],
meridional wind at 850 hPa was used to evaluate the ability
of the models based on 60 grid points within the region of
20°—40°N and 105°-120°E.

To objectively measure the ability of the models to sim-
ulate the East Asian monsoon, spatial correlation coeffi-
cients (SCCs) between simulated and observed climatology
of meridional wind at 10 m in winter and at 850 hPa in
summer for the period 1980-1999 were calculated model by
model, as well as the standard deviation and centered root
mean square difference (RMSD) of each simulation with
respect to observation based on the grid points within the
aforementioned target regions. As shown in the Taylor dia-
gram [34], all 36 climate models with data available (Table
1) could reliably reproduce the geographical distribution of
winter meridional wind at 10 m (Figure 1(a)). SCCs ranged
from 0.44 (GISS-ER) to 0.84 (IPSL-CM4 and IPSL-CM5A-
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Table 1 Basic information on the 23 CMIP3 models and 19 CMIP5 models as well as their experiments

1429

Model ID

Experiment and ensemble size

23 elimate models i the CMIP3 Country Atmospheric resolution  Integration period 20C3M 1B No data for wind at 10 m
1 BCCR-BCM2.0 Norway T42,L31 1850-2099 1 1
2 CCSM3 USA T85,L26 1870-2100 7 7 N
3 CGCM3.1(T47) Canada T47,L31 1850-2100 1 1
4  CGCM3.1(T63) Canada T63, L31 1850-2100 1 1
5 CNRM-CM3 France T42,L45 1860-2100 1 1
6  CSIRO-MK3.0 Australia T63,L18 1871-2100 3 1 v
7  CSIRO-MK3.5 Australia T63,L18 1871-2100 3 1
8 ECHAMS/MPI-OM Germany T63, L32 1860-2100 4 4
9 FGOALS-gl.0 China 128 x 60, L9 1850-2099 3 3
10 GFDL-CM2.0 USA 144 x 90, L24 1861-2100 3 1
11 GFDL-CM2.1 USA 144 x 90, L24 1861-2100 3 1
12 GISS-AOM USA 90 x 60, L20 1850-2100 2 2
13 GISS-EH USA 72 x 46,120 1880-2099 5 3
14 GISS-ER USA 72 x 46,120 1880-2100 9 5
15 INGV-SXG Italy T106, L19 1870-2100 1 1 v
16 INM-CM3.0 Russia 72 x 45,121 1871-2100 1 1
17  IPSL-CM4 France 96 x 72, L19 1860-2099 1 1
18 MIROC3.2(hires) Japan T106, L56 1850-2100 1 1
19  MIROC3.2(medres) Japan T42,L20 1850-2100 3 3
20 MRI-CGCM2.3.2 Japan T42,L30 1851-2100 5 5
21 PCM USA T42,L18 1890-2099 4 3 N
22 UKMO-HadCM3 UK 96 x 73,L19 1860-2099 2 1
23 UKMO-HadGEM1 UK 192 x 145,138 1860-2099 2 1
19 climate models in the CMIPS Historical RCP4.5
24  BCC-CSMLI.1 China T42,1.26 1850-2099 1 1
25  CanESM2 Canada T63, L35 1850-2100 5 5
26 CCSM4 USA 288 x 192, L.26 1850-2100 6 5 N
27  CNRM-CM5 France 256 x 128, L31 1850-2100 10 1
28  CSIRO-Mk3.6.0 Australia 192 x 96, L18 1850-2100 1 1
29  FGOALS-g2 China 128 x 60, L26 1850-2100 1 1 N
30 FGOALS-s2 China 128 x 108, L.26 1850-2100 3 3
31  GISS-E2-R USA 144 x 90, L40 1850-2100 1 1
32 HadGEM2-ES UK 192 x 145, L38 1850-2100 4 4
33 INM-CM4 Russia 180 x 120, L21 1850-2100 1 1
34  IPSL-CMS5A-LR France 96 x 95,L39 1850-2100 4 4
35 IPSL-CM5A-MR France 144 x 143, L39 1850-2100 1 1
36  MIROCS Japan T85, L40 1850-2100 3 1
37 MIROC-ESM Japan T42, L80 1850-2100 3 1
38  MIROC-ESM-CHEM Japan T42, L80 1850-2100 1 1
39  MPI-ESM-LR Germany T63, L47 1850-2100 3 3
40 MRI-CGCM3 Japan 320 x 160, L48 1850-2100 3 1
41 NorESM1-M Norway 144 x 96, L26 1850-2100 3 1
42 NorESMI1-ME Norway 144 x 96, 1L.26 1850-2100 1 1
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Figure 1 Taylor diagram for displaying normalized pattern statistics of climatological meridional wind (a) at 10 m within the regions of 25°—40°N and
120°-140°E together with 10°-25°N and 110°-130°E between the 36 climate models and observation in winter, and (b) at 850 hPa within the region of
20°—40°N and 105°-120°E between the 42 climate models and observation in summer for the reference period 1980-1999. Each number represents a Model
ID (see Table 1); orange and blue represent the CMIP3 and CMIP5 models, respectively; and observation is considered as the reference (REF). Standard
deviation and centered root mean square difference are normalized by the reference standard deviation. The radial distance from the origin is the normalized
standard deviation of a model; the correlation between a model and the reference is given by the azimuthal position of the model, with oblique dotted line
showing the 99% confidence level; and the centered root mean square difference between a model and the reference is their distance apart. In brief, the near-
er the distance between a number and REF, the better the performance of the corresponding model.

LR), and all of them were statistically significant at the 99%
confidence level. Normalized centered RMSDs ranged from
0.55 (IPSL-CM5A-LR) to 1.12 (FGOALS-g1.0), with the
values of CSIRO-Mk3.5, FGOALS-gl.0, INM-CM3.0,
MIROCS, and NorESM1-M being more than 1.00 and those
of all the other 31 models being within 0.50-1.00. In sum-
mer, there was a large spread in the ability of 42 climate
models to represent the present meridional wind at 850 hPa
(Figure 1(b)). SCCs ranged from —0.49 (PCM) to 0.93 (IPSL-
CMS5A-MR), and the values of CSIRO-Mk3.0, ECHAMS/
MPI-OM, PCM, CSIRO-Mk3.6.0, and FGOALS-g2 were
not statistically significant at the 99% confidence level.
Normalized centered RMSDs ranged from 0.47 (IPSL-
CM5A-MR) to 1.85 (FGOALS-g1.0), with the values of 12
models being more than 1.00. Collectively, the ability of the
models to simulate the EAWM was found to be reliable and
relatively concentrated, with an overall better performance
for the CMIP5 models compared to the CMIP3 models, and
the ability to simulate the EASM was found to be relatively
weak and dispersed, with a comparable performance be-
tween the CMIP3 and CMIP5 models. Thus, it was neces-
sary to exclude those unreliable models from the present
study. As such, two preconditions were arbitrarily set to
identify reliable models for both the EAWM and EASM.
First, SCCs had to be positive and statistically significant at
the 99% confidence level; and second, normalized centered
RMSDs had to be less than 1.00. In this manner, 31 (29)
models, namely 16 CMIP3 plus 15 (13) CMIP5 models,
were applied to investigate the EAWM (EASM) (Figure 1).
Accordingly, the ensemble mean of the CMIP3 and CMIP5
models was respectively calculated using the results of 16

CMIP3 and 15 (13) CMIP5 models in winter (summer).

3 Results

There have been more than twenty indices of the East Asian
monsoon intensity published in the literature. Considering
that there are complex relationships between the present
East Asian monsoon and other climate variables, and that
we do not know whether those relationships are still valid
under future global warming, it should be more reasonable
to gauge the strength of the East Asian monsoon directly
through wind speeds rather than indirectly through other
variables. In this context, regionally averaged meridional
wind at 10 m within the regions of 25°-40°N and
120°-140°E together with 10°-25°N and 110°-130°E was
used to measure the EAWM intensity according to previous
work [32], and regionally averaged meridional wind at 850
hPa within the region of 20°-40°N and 105°-120°E was
used to measure the EASM intensity. To reduce the influ-
ence of the differences in the East Asian monsoon clima-
tology among the models and their ensemble means, the
percentage change of those intensity values relative to the
1980-1999 climatology was chosen as the EAWM or
EASM intensity index (hereafter referred to as MW-index)
for each model and their ensemble mean. Note that meridi-
onal winds have been widely used to gauge the East Asian
monsoon intensity previously [9,33,35]. Furthermore, an-
other widely used index of the strength of the East Asian
monsoon (hereafter referred to as SLP-index), defined by
zonal sea level pressure difference [36,37], was also calcu-
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lated, so as to avoid index-dependent results. To compare
indices more transparently, the original index of the EAWM
intensity was revised as the percentage change relative to
the climatology for the reference period 1980-1999.

3.1 Projection of the EAWM

Figure 2 shows that the EAWM intensity varies slightly
over the 21st century relative to 1980-1999 based on the
results of either individual models or their ensemble means
and of either the MW-index or SLP-index. In detail, the
MW-index decreases (increases) in 19 (12) out of the 31
models and decreases in the CMIP3, CMIP5, and 31-model
ensemble means over the whole period 2000-2099. How-
ever, most of those changes are small. Statistically signifi-
cant decreased (increased) trends at the 95% confidence
level can be identified in only five models and the CMIP3
and 31-model ensemble means (two models). On the other
hand, the SLP-index decreases (increases) in 15 (16) out of

05
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the 31 models, and it decreases in the CMIP3 model ensem-
ble mean but increases in the CMIP5 and 31-model ensem-
ble means. Statistically significant decreased (increased)
trends can be identified in only five models (six models and
the CMIP5 model ensemble mean). Both the MW-index and
SLP-index trends are statistically significantly negative in
GISS-EH, GISS-ER, and CSIRO-Mk3.6.0 but positive in
IPSL-CMS5A-MR. Taken together, future changes in the
EAWM intensity are model and index dependent, implying
that the previous conclusion on the EAWM weakening
drawn from individual or several models [7,16,24,25] is
uncertain. On the whole, there is no significant change trend
for the EAWM in the 21st century based on the present 31
climate models.

At the regional scale, the EAWM weakens (strengthens)
north (south) of about 25°N in East Asia over the 21st cen-
tury. This can be explained by the following dynamical
mechanism. During 2080-2099, for example, the Aleutian
Low weakens and moves northward relative to the reference

(a)
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Figure 2 East Asian winter monsoon intensity indices as measured by meridional wind at 10 m (a) and zonal sea level pressure difference (b), in which
MME_CMIP3, MME_CMIPS, and MME_AII denote the ensemble mean of the 16 CMIP3 models, 15 CMIP5 models, and all the 31 models, respectively.
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period 1980-1999 based on the 31-model ensemble mean
(Figure 3), which is consistent with previous results [24].
Accordingly, an anomalous anticyclonic circulation occurs
over the mid-high latitudes of the North Pacific. It leads to a
weakening of climatological northerly winds over Northeast
Asia. On the other hand, temperature increase is larger over
the mid-high latitudes of eastern Eurasia than over the
western North Pacific as a consequence of the difference in
heat capacity between land and ocean. As a result, north-
west—southeast thermal and sea level pressure differences
decrease across Northeast Asia (Figure 4(a)), and in turn
northwesterly winds weaken there. Both processes deter-
mine the EAWM weakening north of about 25°N in East
Asia (Figure 3(b)). For the reference period 1980-1999,
climatological northerly winds at 10 m within the region of
10°-25°N and 110°-130°E come from coastal air flows
from the north and northeasterly air flows from the low lat-
itudes of the western North Pacific, with the latter being
dominant (Figure 3(a)). As shown in Figure 3(b), in re-
sponse to the weakening and northward shift of the Aleutian
Low, the southern branch of the aforementioned large-scale
anomalous anticyclonic circulation over the mid-high lati-
tudes of the North Pacific are anomalous easterly winds.

60°N -]
40°N ]
20°N o)

EQ_ §

20°5
40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°
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They strengthen climatological northeasterly winds over the
low latitudes of the western North Pacific, and in turn nor-
therly winds strengthen south of about 25°N in East Asia.

Winter monsoon has been projected to weaken or slightly
weaken over East China in previous studies based on indi-
vidual models [7,16,25] and multiple models without a nec-
essary quality control [17,24]. Figure 3(b) clearly shows that
there are no large-scale atmospheric circulation anomalies
in East China, apart from in Northeast China where anoma-
lous westerly winds strengthen climatological northwesterly
winds. This agrees generally with the previous results of 18
CMIP3 models under the SRES A1B scenario [22].

3.2 Projection of the EASM

Figure 5 shows that there is no significant change trend for
the intensity of the EASM over the 21st century as a whole,
and it is only slightly strengthened and features a slightly
increased interannual variability relative to the reference
period. The MW-index increases (decreases) in 19 (10) out
of the 29 models over the whole period 2000-2099, six (two)
of which are statistically significant at the 95% confidence
level. It slightly increases in the 29-model ensemble mean

60°N

40°N 14

20°N

EQ {7/

20°8 1
40°E 60°E B0°E 100°E 120°E 140°E 160°E 180°

Figure 3 (a) Climatology of winter wind at 10 m for 1980-1999; (b) the corresponding difference between the periods 2080-2099 and 1980-1999 from the
31-model ensemble mean (units: m s™'). Two rectangles show the regions of 25°~40°N and 120°~140°E, and 10°~25°N and 110°-130°E.
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Figure 4 (a) Changes in winter temperature (shading; units: K) and sea level pressure (contour; units: hPa) between the periods 2080-2099 and 1980-1999
as derived from the 31-model ensemble mean, and two rectangles show the same regions as in Figure 3. (b) Same as in (a), but for summer from the
29-model ensemble mean, and rectangle showing the region of 20°-40°N and 105°-120°E.
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Figure 5 East Asian summer monsoon intensity indices as measured by meridional wind at 850 hPa (a) and zonal sea level pressure difference (b), in
which MME_CMIP3, MME_CMIP5, and MME_AII denote the ensemble mean of the 16 CMIP3 models, 13 CMIP5 models, and all the 29 models, respec-

tively.

with a non-significant trend. Similarly, the SLP-index in-
creases in 16 (13) out of the 29 models, six (four) of which
are statistically significant. There is a non-significant in-
creased trend for the 29-model ensemble mean. Both the
MWe-index and SLP-index trends are statistically signifi-
cantly positive in CCSM3, GISS-ER, UKMO-HadCM3,
and FGOALS-g2 but negative in MPI-ESM-LR. In this sit-
uation, future changes in the EAWM intensity are also
model and index dependent, as is the case for winter. On the
whole, the EASM intensity is slightly strengthened over the
21st century based on the ensemble result of either individ-
ual models or the models with statistically significant trends.
Such a slight strengthening is consistent in direction with
most of the previous studies [5,7,16—19] but disagrees with
the previous results of little change [22] and normal inten-
sity [23]. In addition, it is noted that the standard deviation
of the MW-index and SLP-index series as derived from the
29-model ensemble mean increases by 2.3% and 4.7% for
2000-2099 relative to the reference period, respectively.
That means the interannual variability of the EASM inten-

sity increases over the 21st century, which is in line with the
increased interannual variability of the EASM rainfall under
future global warming as revealed by 12 CMIP3 models
[38].

The above slight strengthening of the EASM over the
21st century is further confirmed by atmospheric circulation
changes in the lower troposphere, as large-scale southerly
wind anomalies (less than 1 m s™') at 850 hPa prevail over
East and Northeast China in the 29-model ensemble mean
for 2080-2099 relative to the reference period (Figure 6).
This is because under future global warming, temperature
rises across East Asia and adjacent areas but with a different
magnitude between land and ocean (Figure 4(b)). On the
one hand, the rate of warming is faster over East Asia than
over the same latitudes of the western North Pacific and
hence leads to an increased zonal thermal contrast. Accord-
ingly, the strengthening of heat low over the East Asian con-
tinent is larger in magnitude than the weakening of the west-
ern North Pacific subtropical high, leading to an increased
zonal sea level pressure gradient and in turn southerly wind
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Figure 6 (a) Climatology of summer wind at 850 hPa for 1980-1999; (b) the corresponding difference between the periods 2080-2099 and 1980-1999
from the 29-model ensemble mean (units: m s™). Regions with an elevation above 1500 m are left blank, and the rectangle shows the region of 20°-40°N

and 105°-120°E.

anomalies over East Asia. On the other hand, the rate of
warming is faster over East China than over the South Chi-
na Sea. This leads to increased meridional land—sea thermal
and sea level pressure gradients and hence southerly wind
anomalies over South China. Collectively, the above
changes in zonal and meridional land-sea thermal contrasts
across East Asia and surrounding oceans are responsible for
the slight strengthening of the EASM.

In previous work performed using the CMIP3 dataset
under the SRES A1B scenario, the EASM was projected to
strengthen by 23 [17] and 15 [19] models, strengthen only
over South China by 8 [20] and 19 [21] models, vary little
by 18 models [22], and remain normal in terms of intensity
by 14 models [23]. Such discrepancies are not strange when
viewed from this study, because, apart from the difference
in methods and research areas, the EASM change is deter-
mined largely by climate models used in analysis. In other
words, those projections are more or less model dependent,
owing to a limited number of climate models. Using all data
of 29 reliable climate models, particularly those of 13
CMIP5 models under the latest RCP4.5 scenario, the slight
strengthening of the EASM, as well as the underlying
mechanisms, over the 21st century drawn from the present
study should be relatively objective.

4 Discussion and conclusion

In recent years, many climate models have been used to
project future climate change worldwide. Under the most
representative SRES A1B or RCP4.5 scenario, this study
assessed the East Asian winter and summer monsoon
changes over the 21st century using the data of 31 and 29
reliable climate models, respectively. Those models were
selected from all available 42 climate models participating
in the IPCC Assessment Reports Four and Five in terms of
their ability to simulate the present East Asian monsoon
climatology. Under future global warming, it was found
there is no significant trend for the EAWM intensity as a
whole. At the regional scale, the EAWM weakens

(strengthens) north (south) of about 25°N in East Asia as a
consequence of the weakening and northward shift of the
Aleutian Low and of decreased northwest—southeast thermal
contrasts across Northeast Asia. In summer, monsoon
strengthens slightly in East China because of increased zon-
al and meridional land-sea thermal contrasts over the 21st
century.

It was also noted that the future East Asian monsoon
changes are somewhat model and index dependent. This
explains why there are discrepancies on this issue in previ-
ous studies, and implies that more emphasis should be given
to the ensemble mean of multiple reliable climate models
and the accompanying mechanisms. In addition, the hori-
zontal resolution of state-of-the-art climate models is gener-
ally higher than before, along with a slightly improved sim-
ulation of the EAWM climatology. However, their ability to
represent the East Asian climate is still inadequate, and
hence their projection is more or less uncertain. Given that
the performance of high resolution regional climate models
to simulate the present climate over China is better overall
than that of global climate models [39—41], and that future
changes in monsoon precipitation over China are different
between regional and global models [41], more attention
should be paid to dynamical downscaling studies at the re-
gional scale. Finally, we would like to emphasize that there
are uncertainties in future emissions or concentration sce-
narios of greenhouse gases and aerosols, or in radiative
forcing scenarios. There are still incomplete aspects in the
global climate or earth system models. The lack of observa-
tion data hampers our understanding of climate change on
the decadal and longer timescales. Our knowledge of natu-
ral climate variability over a range of timescales is also lim-
ited. All these factors lead to a level of uncertainty in future
climate change projection.
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