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The projected temporal evolution in the interannual variability of East Asian summer rainfall in the 21st century is investigated
here, by analyzing the simulated results of 18 coupled models under the 20th century climate experiment and scenario A1B.
The multi-model ensemble (MME) mean projects two prominent changes in the interannual variability of East Asian summer
rainfall in the 21st century under scenario A1B. The first change occurs around the 2030s, with a small change before and a
large increase afterward. The intensity of the interannual variability increases up to approximately 0.53 mm/d in the 2070s,
representing an increase of approximately 30% relative to the early 21st century. The second change happens around the 2070s,
with a decrease afterward. By the end of the 21st century, the increase is approximately 12% relative to the early 21st century.
The interannual variability of two circulation factors, the western North Pacific subtropical high (WNPSH) and the East Asian
upper-tropospheric jet (EAJ), are also projected to exhibit two prominent changes around the 2030s and 2070 under scenario
A1B, with consistent increases and decreases afterward, respectively. The MME result also projects two prominent changes in
the interannual variability of water vapor transported to East Asia at 850 hPa, which occurs separately around the 2040s and
2070s, with a persistent increase and decrease afterward. Meanwhile, the precipitable water interannual variability over East
Asia and the western North Pacific is projected to exhibit two prominent enhancements around the 2030s and 2060s and an in-
crease from 0.1 kg/m” in the early 21st century to 0.5 kg/m” at the end of the 21st century, implying a continuous intensifica-
tion in the interannual variability of the potential precipitation. Otherwise, the intensities of the three factors’ (except EAJ) in-
terannual variability are all projected to be stronger at the end of the 21st century than that in the early period. These studies
indicate that the change of interannual variability of the East Asian summer rainfall is caused by the variability of both the dy-
namic and thermodynamic variables under scenario A1B. In the early and middle 21st century, both factors lead to an intensi-
fied interannual variability of rainfall, whereas the dynamic factors weaken the interannual variability, and the thermodynamic
factor intensifies the interannual variability in the late period.
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Awareness of global warming and its influence on the
Earth’s environment is one of the most important advance-
ments of meteorology in the 20th century. Climatic disasters
and extreme climate events, such as droughts and floods,
occur frequently in East Asia under global warming, result-
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ing in enormous damages to society and economies. There-
fore, making projections of future climate change in East
Asia has been a key goal of climate change research.

The change of interannual variability is one of the im-
portant measurements of climate change and is closely re-
lated to the potential occurrence of droughts and floods. An
intensified (weakened) change of interannual variability
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indicates the increased (decreased) occurrence of climatic
disasters. The East Asian summer precipitation exhibits a
clear interannual variability, with the interannual standard
deviation being approximately 6%—7% of the climatological
mean [1]. Therefore, droughts and floods are the most seri-
ous disasters happening during the summer in East Asia,
and they cause enormous damages.

Many studies have shown that summer precipitation in-
creases in East Asia under global warming scenarios [2—10].
For example, Bueh [3] showed that the summer precipita-
tion may significantly increase over the Yangtze
(Changjiang) River valley and North China in the future.
Sun and Ding [8] stated that summer precipitation may in-
crease in East Asia and experience a prominent change
around the 2040s with a large increase afterward. Li et al. [9]
also suggested an intensified precipitation over most of
China.

There are few studies on the possible change in the in-
terannual variability of East Asian summer rainfall in the
future. Recently, Kripalani et al. [1] showed that out of the
19 CMIP3 models, 13 depict significant increases in the
interannual variability of the East Asian summer rainfall,
but the multi-model ensemble (MME) mean showed no
obvious change. By analyzing the simulation results of 12
CMIP3 models under scenarios A1B and A2, Lu and Fu [11]
found that most of the selected models project an enhanced
interannual variability of the East Asian summer rainfall in
the 21st century, and the increased ratios of interannual
variability of approximately 10% and 17% under scenarios
AI1B and A2, respectively, which are much stronger than
those of the summer climatological precipitation.

Although the projected change in the interannual varia-
bility of East Asian summer rainfall in the future has been
investigated, few studies have been performed on the tem-
poral evolution of the interannual variability. We still have a
paucity of knowledge for some important questions, such as
whether the temporal evolution of the East Asian summer
rainfall interannual variability experiences prominent
change, how the change evolves in response to global
warming, how the spatial pattern of precipitation variability
changes, and what the roles of key dynamic and thermody-
namic factors play in the process.

Unfortunately, numerical simulations for precipitation
based on coupled models remain uncertain [12, 13], espe-
cially in East Asia, where there is a strong interaction be-
tween the lower and higher latitudes. Meanwhile, great un-
certainties exist among models in simulating future clima-
tological mean precipitation changes in East Asia [14, 15],
and the MME results are even weaker than the dispersion
among the models. For instance, Kitoh et al. [6] noticed a
decreased precipitation in North China in summer, contrary
to the results of Bueh [3] and Min et al. [4]. Therefore, we
should also examine the changes in the interannual variabil-
ity of dominant dynamic and thermodynamic components
of the East Asian summer monsoon system, which are most
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closely related to the changes of East Asian summer precip-
itation interannual variability, to prove the changes of pre-
cipitation variability.

The interannual variation of East Asian summer precipi-
tation is found to be closely related to local circulation
anomalies as well as those in the western North Pacific [16].
The interannual variability of East Asian summer precipita-
tion is closely related to anomalies of the western North
Pacific subtropical high (WNPSH) in the lower troposphere
and to the East Asian westerly jet (EAJ) in the upper tropo-
sphere. On the one hand, the WNPSH affects East Asian
summer rainfall from south in the lower troposphere
through zonal displacement. East Asia experiences flood
(drought) when the WNPSH extends westward (retreats
eastward) [17]. On the other hand, the EAJ affects East
Asian summer rainfall from north in the upper troposphere
through meridional displacement. A southward (northward)
displaced EAJ favors above-normal (below-normal) precip-
itation in East Asia [18]. The relationships of East Asian
summer rainfall with the WNPSH and EAJ remain robust in
the 21st century [11].

Therefore, by analyzing the simulated results of 18 cou-
pled models under the 20th century climate experiment
(20C3M) and scenario A1B, we investigate the projected
temporal evolution of the interannual variability of East
Asian summer precipitation as well as the key dynamic
components (the WNPSH, EAJ and water vapor transport)
and thermodynamic component (precipitable water) of the
East Asian summer monsoon system. In so doing, we at-
tempt to obtain somewhat reliable projected changes of in-
terannual rainfall variability in East Asia.

1 Models, data and methodology

We analyzed the results of 18 CMIP3 models for the
20C3M and scenario A1B. For both experiments, 100-year
simulations (1901-2000 for 20C3M and 2001-2100 for
A1B) are used to represent the 20th and 21st century cli-
mates. Table 1 lists the basic features of the selected models,
and more detailed descriptions about the models can be
found at http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php.

The method of MME mean is used to analyze the pro-
jected change in interannual variability of the East Asian
summer climate. The MME results are obtained by simply
averaging over the available models with equivalent weight
because uncertainty exists among the different models even
under the same greenhouse gases and aerosol forcing and
because there is no scientific way to evaluate the models.
This method has been widely accepted and adopted in the
climate change projection [8, 11, 19]. Many studies also
suggest that the MME method has a better performance than
individual models in reproducing the present climate in East
Asia [13, 20-22].

Because the experiment number differs from model to



1436 FuYH  Sci China Earth Sci  August (2013) Vol.56 No.8
Table 1 Descriptions of the models used in this study
. . Experiments
Model 1.D. Abbreviation Country Resolution
20C3M AlB
01 BCCR-BCM2.0 becm?2.0 Norway 128x64,L17 1 1
02 CCSM3 ccsm3 USA 256x128, L17 7 7
03 CGCM3.1 (T47) cgem47 Canada 96x48, L17 5 5
04 CGCM3.1 (T63) cgem63 Canada 128x64, L17 1 1
05 CNRM-CM3 cnrm France 128x64, L17 1 1
06 CSIRO-MK3.0 csiro3.0 Australia 192x96, L17 2 1
07 CSIRO-MK3.5 csiro3.5 Australia 192x96, L17 3 1
08 ECHAMS/MPI-OM echam5 German 192x96, L16 4 4
09 FGOALS-G1.0 fgoals China 128x60, L17 3 3
10 GFDL-CM2.0 efdl2.0 USA 144x90, L17 3 1
11 GFDL-CM2.1 gfdl2.1 USA 144x90, L17 3 1
12 GISS-EH giss USA 72x46/45, L17 5 5
13 UKMO-HadCM3 hadem3 UK 96x73/72, L15 2 1
14 UKMO-HadGEM1 hadgem UK 192x145/144,L16 2 1
15 MIROC3.2 (hires) miroch Japan 320%x160, L17 1 1
16 MIROC3.2 (medres) mirocm Japan 128x64, L17 3 3
17 MRI-CGCM2.3.2 mricgecm Japan 128x64, L17 5 5
18 PCM pcm USA 128x64, L17 4 4

model (Table 1), the multi-experiment ensemble mean is
obtained by averaging all the available simulations in the
individual models with equivalent weight to each experi-
ment. Then, all the data are converted to a spectral triangu-
lar wavenumber 42 truncation (T42, approximately 2.8x2.8
degrees latitude-longitude) resolution to enable MME anal-
ysis.

We use interannual standard deviations to depict the in-
tensity of the interannual variability. A nine-year Gaussian
filter is applied to the detrended data for the sake of elimi-
nating the effect of decadal variability and to obtain the
component of interannual variability.

To facilitate the quantitative investigation of precipita-
tion and circulation, three indices are used in this study.
Following Lu and Fu [11], we define the East Asian sum-
mer rainfall index (EASRI) as the June-July-August (JJA)
mean precipitation averaged over the parallelogram region
determined by the points (100°E, 25°N), (100°E, 35°N),
(160°E, 30°N) and (160°E, 40°N), which is used to mimic
the East Asian summer rain belt that is basically zonal-
ly-oriented but has a slight southwest-northeast tilt. This
parallelogram region covers the region of the southern pat-
tern of summer precipitation in China [23], the Changma in
Korea, and the Baiu in Japan. In this study, we use 850 hPa
geopotential heights to depict the interannual variability of
the WNPSH and to define a WNPSH index (WNPSHI) as
the JJA-mean 850 hPa height anomalies averaged over the
region (110°-150°E, 10°-30°N), following Lu [17]. This
index measures the year-to-year zonal displacement of the
WNPSH. A positive (negative) WNPSHI indicates the
westward extension (eastward retreat) of the subtropical
high. The EAJ index (EAJI) is defined by using the differ-
ence between the 200 hPa zonal winds averaged over

(120°-150°E, 30°-40°N) and (120°-150°E, 40°-50°N) to
measure the meridional displacement of the EAJ, by fol-
lowing Lu [18]. A positive (negative) EAJI indicates a
southward (northward) displacement of the EAJ.

2 Projected temporal evolution of EASR inter-
annual variability

Figure 1 shows the evolution of the nine-year window run-
ning interannual variability of the EASRI under scenario
AI1B. The obvious feature is that the EASRI interannual
variability experiences two prominent changes in the 21st
century (Figure 1, MME). The intensity of interannual var-
iability does not exhibit a clear change before the 2030s,
with a fluctuation within the range of +£0.02 mm/d. The first
prominent change occurs in the 2030s, with a small change
before and a large persistent increase afterward. The inten-
sity of the EASRI interannual variability is projected to be
up to approximately 0.53 mm/d in the 2070s, representing
an increase of approximately 30% relative to the early 21st
century. Then, the second prominent change occurs, with a
rapid decrease afterward. At the end of the 21st century, the
intensity exhibits an increase of approximately 12% in ratio
relative to the early 21st century, indicating that the occur-
rences of droughts and floods will experience phasic varia-
tion in the 21st century under scenario A1B. Especially in
the 2070s, more frequent and serious flood disasters will
happen due to the enhancement of both precipitation inter-
annual variability and climatological mean precipitation [3,
5, 8].

In order to evaluate the MME result, the EASRI interan-
nual variability in the individual models is calculated (Fig-
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Figure 1 The MME (solid line, 18 models) and MME2 (dashed line, 17
models except hadem3) results of the nine-year window running interan-
nual variability of the EASRI under scenario A1B. Unit: mm/d.

ure 2). Almost all the models project prominent changes of
East Asian summer rainfall interannual variability, with an
increasing trend. Fifteen of the 18 selected models (except
fgoals, gfdl2.1 and pcm) project prominent changes during
the 2030s—2040s, with rapid increases afterward in the 21st
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century.

Among the 18 selected models, 17 project a spread of the
EASRI interannual variability ranging from 0.2 to 0.7 mm/d,
while it is up to 0.2—1.1 mm/d in the model hadem3 (Figure
2), which is much higher than that of other models. There-
fore, the 17-model MME is calculated except hadcm3 (Fig-
ure 1, MME2). It shows that the EASRI interannual varia-
bility also experiences two prominent changes in the 21st
century, which is the same as the MME result. The two
prominent changes also occur around the 2030s and 2070s,
with an increase and decrease afterward, respectively. The
model hadem3 weakens the intensities of the MME2 EASRI
interannual variability during the period of the 2030s—2070s,
but it still increases by approximately 20% relative to the
early 21st century.

The Mann-Kendall test method is used to ascertain the
time when the abrupt changes occur in individual models
and two MME results (Table not shown). The abrupt
changes happen in the years 2034 and 2043 for the MME
and MME?2 results, with a tendency to increase afterward.
Among the 15 models (except fgoals, gfdl2.1 and pcm), 11
project abrupt changes that occur in the period of the
2030s—2040s, with a tendency to increase afterward. The
results indicate consistency among the projected changes of
the EASRI interannual variability in individual models and
the two MME results, although the Mann-Kendall test
method does not detect the abrupt change around the 2070s.

bem2.0

ccsm3
—— cgemé47
——— cgcmB3
cnrm
— csiro3.0
——— csiro3.5
- echam
fgoals
gfdi2.0
gfdi2.1
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hadgem
— miroch
— miroch

— mricgem

pem

— MME

2010 2020 2030 2040 2050
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Figure 2 Same as in Figure 1, but for individual models. The black solid line represents the MME based on 18 models, and the black dashed line represents

the MME2 based on 17 models. Unit: mm/d.
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Otherwise, all the following results are the 18 models’ MME
projections unless specified otherwise, given that hadcm3
has no essential effect on the projected MME results.

Figure 3 shows the time-latitude cross-section of East
Asian summer rainfall interannual variability averaged over
100°-160°E. The interannual variability of the summer
rainfall is projected to exhibit prominent changes in the re-
gions between 10°N and 50°N. The intensity is enhanced
with time in two zonally oriented rain belts. The northern
enhancement belt is at approximately 30°N, and its region is
approximately the same as the climatological summer rain
belt in East Asia and the western North Pacific, which is
referred to as Meiyu in China, Changma in Korea, and Baiu
in Japan. Generally, it is named the Meiyu rain belt in this
study. Over the Meiyu rain belt, the precipitation interannu-
al variability experiences an abrupt change around the
2030s and a consistent increase with a maximum in the
2070s. Then, the variability experiences another abrupt
change and decreases later until the end of the 21st century.
Besides this extratropical belt, the other belt-like region of
enhanced projection variability is south of 20°N and is ap-
proximately the same as the climatological summer rain belt
over the Philippine Sea and western North Pacific. The
change of precipitation variability has a similar character
with that of the Meiyu rain belt, which changes abruptly
around the 2030s and 2070s, but is much stronger.

In a word, the interannual variability of East Asian sum-
mer rainfall is projected to experience two prominent
changes in the 21st century under scenario A1B. The
changes occur around the 2030s and 2070s, with consistent
tendencies to increase and decrease afterward, respectively,

FuYH  Sci China Earth Sci

August (2013) Vol.56 No.8

with a maximum in the 2070s. This projection is consistent
in the individual models and MME results, suggesting the
result is reliable.

Furthermore, as for the spatial pattern change of precipi-
tation interannual variability in different evolutions in the
21st century, we still have a paucity of knowledge. There-
fore, three periods are selected, 2011-2030, 2041-2060, and
2071-2090, based on Figure 1 to analyze the spatial pattern
change of precipitation variability.

Figure 4 shows the spatial pattern change in the interan-
nual variability of East Asian summer rainfall in different
periods of the 21st century. In the early period (Figure 4(a)),
the change has a regional discrepancy in East Asia. Except
for the negative change in southwestern China, a slightly
positive change appears in the Meiyu rain belt, and a signif-
icant enhancement appears in northeast China. In the middle
period (Figure 4(b)), the positive change appears in almost
all of East Asia. The enhancement of variability tends to be
predominant along the Meiyu rain belt and in the tropical
western North Pacific. With the exception of the middle and
lower reaches of the Yangtze (Changjiang) River, the en-
hancement of variability is significant at the 5% level over
the Meiyu rain belt by the F-test. Compared with early 21st
century (Figure 4(c)), the interannual variability increases
by approximately 0.1-0.2 mm/d and is significant at the 5%
level in southwestern China, Korea, and Japan, except for
the middle and lower reaches of the Yangtze (Changjiang)
River. In southeastern China, the interannual variability
turns from significantly negative to significantly positive,
exceeding 0.2 mm/d in amplitude, indicating that the occur-
rence of flood disasters will be more frequent. In the late
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Figure 3 Time-latitude cross-section of changes in the interannual variability of East Asian summer rainfall averaged in 100°~160°E in the 21st century

(relative to the 20th century). Unit: mm/d.
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period (Figure 4(d)), the enhanced interannual variability of
East Asian summer rainfall prevails over the entire East
Asia region. However, relative to middle period (Figure
4(e)), the variability is projected to be weakened in Japan,
and no clear change in the middle and lower reaches of the
Yangtze (Changjiang) River and the Korean Peninsula,
suggesting a suppressed precipitation variability in late 21st
century.

3 Projected changes in interannual variability
of circulation

As noted before, the interannual variability of East Asian
summer precipitation is found to be closely related to local
circulation as well as that in the western North Pacific. A
more (less) precipitation corresponds to a westward (east-
ward) displacement of the WNPSH [17]. An above (be-
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Figure 4 Changes in the interannual variability of
East Asian summer rainfall relative to the 20th century
under scenario A1B. (a) For 2011-2030; (b) for 2041
2060; (d) for 2071-2090) and relative to the former
period (c) for 2041-2060 to 2011-2030; (e) for 2071—
2090 to 2041-2060. Unit: mm/d. Shading indicates
significance at the 5% level by the F-test.

low)-normal precipitation corresponds to a southward
(northward) displaced EAJ [18]. The relationships of cli-
matological East Asian summer rainfall with the climato-
logical WNPSH and EAJ remain robust in the 21st century
[11]. Thus, are the relationships still maintained in the in-
terannual variability?

For each model, the temporal evolution of the nine-year
window running interannual variability of the WNPSHI and
EAIJI are calculated; then the correlations are calculated
separately with the EASRI temporal variability, and finally,
the MME correlation coefficient is computed, following
Annamalai et al. [24]. The correlation coefficients of the
EASRI interannual variability with the WNPSHI and EAJI
variability are 0.21 and 0.37 under scenario A1B, respec-
tively, and are statistically significant at the 5% level. This
result suggests that an enhanced (suppressed) WNPSH in-
terannual variability corresponds to a stronger (weaker)
WNPSH zonal displacement variability and leads to an in-
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tensified (weakened) East Asian summer rainfall interannu-
al variability. An intensified (weakened) EAJ variability
corresponds to a stronger (weaker) EAJ meridional dis-
placement variability and leads to an increased (decreased)
precipitation variability.

Therefore, the projected changes in interannual variabil-
ity of the WNPSH, EAJ, water vapor transport, and precipi-
table water are investigated to prove the projected change of
precipitation interannual variability, given that the simula-
tions are likely more reliable for large-scale circulation than
for precipitation.

3.1 Projected temporal evolution of WNPSH interan-
nual variability

Figure 5(a) displays the time-latitude cross-section of geo-
potential height interannual variability changes at 850 hPa
averaged over 110°-150°E relative to the 20th century un-
der scenario A1B. The interannual variability experiences
an obvious phasic variation in East Asia, especially in the
regions between 10°N and 30°N. The variability evolves a
fluctuation of “~"*+”“~"" at an amplitude of +0.4 hPa before
the 2030s and a substantial increase after the 2030s, with a
maximum of 1.0 hPa in the 2070s, when the turning point
appears. By the end of the 21st century, the variability de-
creases to -0.8hPa relative to the 20th century. The results
suggest that the WNPSH interannual variability exhibits a
slight fluctuation in the early 21st century and a consistent
increase during the period of the 2030s—2070s, then a rapid
decrease in late 21st century, which is the same as the tem-
poral evolution of the summer precipitation interannual
variability. An enhanced WNPSH interannual variability
corresponds to an enhanced precipitation interannual varia-
bility, and vice versa.

Figure 6 shows the spatial pattern of the WNPSH inter-
annual variability changes at 850 hPa in 2011-2030,
2041-2060, and 2071-2090 relative to the 20th century. In
2011-2030 (Figure 6(a)), the interannual variability of the
850 hPa geopotential height is slightly decreased in East
Asia and the western North Pacific. In 2041-2060 (Figure
6(b) and (c)), the geopotential height interannual variability
is significantly enhanced in East Asia and the western North
Pacific, with a maximum of 0.6 hPa and significantly sup-
pressed maximum of 0.8 hPa over the northern edge of the
WNPSH (30°—40°N), which demonstrates greater zonal
displacement variability and a smaller meridional displace-
ment variability. In 2071-2090 (Figure 6(d)), the spatial
patterns of interannual variability changes are contrary to
those in 2041-2060. The interannual variability of the 850
hPa geopotential height is significantly weakened in the
region south of 30°N and significantly enhanced in the re-
gion north of 30°N, with amplitudes of 0.6 hPa, which are
statistically significant at the 5% level by the F-test. In the
late 21st century, the interannual variability of the WNPSH
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is much weaker than that in the 20th century and is much
weaker than that in the early and middle 21st century (Fig-
ure 6(e)). These results clearly demonstrate that a prominent
change occurs around the 2070s, with a rapid decrease af-
terward.

3.2 Projected temporal evolution of EAJ interannual
variability

The changes of zonal wind interannual standard deviations
at 200 hPa also experience physical variation in the 21st
century (Figure 5(b)). The intensified variability mainly
appears over two zonally-oriented belts of 30°~40°N and
40°-50°N, which are approximately the same as those
showing climatological strong zonal wind variability in ob-
servation [11] and clearly overlap the two averaging areas
used for the definition of the EAJI. The suppressed variabil-
ity mainly changes along roughly 40°N, where the axis of
the EAJ is located. In the northern side of the EAJ
(40°-50°N), the interannual zonal wind variability exhibits
two prominent changes around the 2030s and 2070s. The
variability is projected to continually increase during the
2030s-2070s, and decrease before the 2030s and after the
2070s. In the southern side of the EAJ (30°-40°N), the in-
terannual variability increases before the 2030s and de-
creases until the end of the 21st century except for a short
increase around the 2060s. The results suggest that the EAJ
interannual variability experiences a physical variation in
the 21st century. The nine-year window running interannual
variability of the EAJI (Figure not shown) also evolves
clearly in the same way. The temporal evolution of the EAJ
is quite similar to that of the East Asian summer rainfall,
which suggests that an enhanced (suppressed) EAJ interan-
nual variability leads to an intensified (weakened) interan-
nual variability of precipitation.

The spatial patterns of the interannual standard deviation
of the zonal wind at 200 hPa in the 21st century also clearly
demonstrate the changes (Figure 7). In the early 21st centu-
ry (Figure 7(a)), the zonal wind interannual variability is
projected to be significantly decreased roughly along the
axis of the EAJ, with no appreciable changes in the northern
and southern side of the EAJ, suggesting that the interannu-
al variability of the meridional displacement of the EAJ is
nearly unchanged and the intensity is decreased during this
period. In the middle 21st century (Figures 7(b) and (c)), the
zonal wind variability is significantly enhanced in the
northern side of the EAJ relative to the 20th century and
early 21st century and is slightly suppressed in the southern
side, suggesting the displacement variability is significantly
enhanced. In the late 21st century (Figure 7(d)), the varia-
bility is slightly increased in the northern side and decreased
in the southern side of the EAJ, indicating a slight increase
of the EAJ interannual variability relative to the 20th cen-
tury. Compared with the middle 21st century (Figure 7(e)),
the variability is deceased on both sides of the EAJ, which
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Figure S Same as in Figure 3, but for geopotential height at 850 hPa averaged in 110°~150°E ((a) in hPa), zonal wind at 200 hPa averaged in 120°-150°E
((b) in m/s), water vapor transport at 850 hPa averaged in 110°-160°E ((c) in g/(s hPa cm)) and precipitable water averaged in 100°-160°E ((d) in kg/mz)
(relative to the 20th century).
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suggests that the EAJ interannual variability is weaker than
that in the middle period. Therefore, the study suggests that
the interannual variability of the EAJ is expected to exhibit

a phasic variation in the 21st century.

3.3 Projected temporal evolution of water vapor
transport interannual variability

The 17-model (except hadcm3, for lack of data) MME
(Figure 5(c)) shows that the changes in the interannual var-
iability of the East Asian summer water vapor transport
experiences an obvious phasic variation, and the enhanced
variability appears to have two zonally oriented belts in the
regions between 10°N and 50°N. Over the northern belt,
which is the Meiyu rain belt, the interannual variability of
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Figure 6 Same as in Figure 4, but for geopotential
height at 850 hPa. Unit: hPa.

water vapor transport increases slightly before the 2030s.
The westerly transport variability appears in the region of
approximately 30°N, and the northward transport variability
turns from southwesterly to southeasterly in the region be-
tween 30°N and 40°N before the 2030s. From the 2030s to
2070s, the southwesterly water vapor transport variability
displays a continuous intensification in the regions between
10°N and 50°N, reaching a maximal transport of more than
0.3 g/(s hPa cm) by the 2070s. Then, the northeastward
transport variability decreases after the 2070s, with an in-
tensification of 0.2 g/(s hPa cm) by the end of the 21st cen-
tury. Over the southern belt, southward of 20°N, the water
vapor transport interannual variability also experiences two
prominent changes around the 2030s and 2070s, with the
same physical variations of those over the northern belt. The
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temporal evolution is consistent with that of the precipita-
tion interannual variability in East Asia, suggesting that the
changes of water vapor transport interannual variability is
also a key factor resulting in the changes of precipitation
variability.

Figure 8 further shows the changes in the spatial pattern
of the water vapor transport interannual variability over East
Asia and the western North Pacific. In the early 21st century
(Figure 8(a)), the transport interannual variability appears to
have an inconsistent change over this region. The insignifi-
cant westerly water vapor transport variability appears in
the middle and lower reaches of the Yangtze (Changjiang)
River, and an insignificant easterly transport variability ap-
pears in south Japan. In the middle 21st century (Figure
8(b)), the intensified transport variability east of 115°E is
statistically significant at the 5% level by the F-test. A
northeastward water vapor transport interannual variability
forms from the Arab Sea through the Indian Ocean and all
the way to the South China Sea. The water vapor variability
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Figure 7 Same as in Figure 4, but for zonal wind at
200 hPa. Unit: m/s.

transported into eastern China mainly comes from its west-
ern side and the water vapor into the Korean Peninsula and
Japan from its southern and eastern side. The water vapor
transported to the Meiyu rain belt is significantly intensified
relative to early period (Figure 8(c)), with a maximum of
0.3 g/(s hPa cm) in north Japan. In the late 21st century
(Figure 8(d)), the interannual variability of the northeast-
ward water vapor transport is enhanced. However, the east-
erly transport variability appears in south Japan and the East
China Sea (Figure 8(e)) because of the appearance of an
anomalous cyclone located over the western North Pacific,
leading to a suppressed interannual variability relative to the
middle 21st century.

3.4 Projected temporal evolution of precipitable water
interannual variability

In the East Asian summer monsoon region, the interannual
variability of precipitable water is persistently intensified in
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the 21st century under scenario A1B (Figure 5(d)), from 0.1

kg/m® in the early part to 0.5 kg/m” by the end of the century.

The variability experiences two abrupt increases around the
2030s and 2060s. The intensification of precipitable water
interannual variability implies an enhancement of precipita-
tion source variability and the enhancement of precipitation
interannual variability.

The spatial pattern of the changes in the precipitable wa-
ter interannual variability further demonstrates the liner
increases (Figure 9) in the 21st century. In the early period
(Figure 9(a)), the intensification of variability appears in
most regions of East Asia and the western North Pacific
except in eastern China and the South China Sea. In the
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Figure 8 Same as in Figure 4, but for water vapor
transport at 850 hPa. Unit: g/(s hPa cm).

middle period (Figure 9(b)), the intensification covers all of
East Asia and the western North Pacific, with a maximum
of 0.4 kg/m*. Compared with the early period, the strongest
enhancement appears over the Meiyu rain belt, with a
maximum of 0.3 kg/m® (Figure 9(c)), indicating a great in-
tensification in potential precipitation interannual variability.
By the late period (Figure 9(d)), the spatial pattern of varia-
bility changes is basically consistent with that in the middle
of the 21st century, but the intensity is continuously in-
creased. Especially in the region from central East China
northeastward into the North Pacific through Korea and
Japan, the interannual variability increases up to 0.5 kg/m”.
Compared with the middle period, there is only a slight
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decrease over the East China Sea (Figure 9(e)).

4 Discussion and conclusions

In this study, the projected temporal evolution in interannu-
al variability of the East Asian summer rainfall in the 21st
century is investigated by analyzing the simulated results of
18 CMIP3 models under the A1B scenario. The precipita-
tion interannual variability is projected to experience two
prominent changes in the 21st century. The first prominent
change occurs around the 2030s, with a small change before
and a large increase afterward. The precipitation variability
is projected to be up to approximately 0.53 mm/d in the
2070s, representing an increase of approximately 30% rela-
tive to the early 21st century. The second change happens
around the 2070s, with a decrease afterward. By the end of
the 21st century, the increase is approximately 12% relative
to the early period. This result suggests that droughts and
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Figure 9 Same as in Figure 4, but for precipitable wa-
ter. Unit: kg/m’.

floods will occur much more frequently after the 2030s.
Especially around the 2070s, more frequent and serious
flood disasters will happen because of the enhancement of
both of the precipitation variability and climatological mean
precipitation [3, 5, 8].

The MME result also projects two prominent changes in
the interannual variability of the WNPSH and EAJ. The
change in interannual variability of the WNPSH is charac-
terized by zonal displacement and that of the EAJ by me-
ridional displacement. The WNPSH and EAJ variability
experience slight fluctuations in the early 21st century and
persistently increase during the 2030s and 2070s, and then
decrease rapidly after the 2070s. By the end of the 21st
century, the interannual variability of the WNPSH is sup-
pressed and that of the EAJ is enhanced relative to the 20th
century. The temporal evolutions of the WNPSH and EAJ
are consistent with that of the East Asian summer rainfall.

The interannual variability of water vapor transport at
850 hPa is also projected to experience two prominent
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changes. Over the Meiyu rain belt, the transport variability
changes slightly before the 2030s and substantially increas-
es afterward until the 2070s, with a maximum of 0.3
g/(s'hPa-cm) relative to the 20th century. The variability
turns to decrease after the 2070s, and with an enhancement
of 0.2 g/(s‘hPa-cm) by the end of the 21st century relative to
the 20th century. The change process in the interannual
variability of water vapor transport agrees well with that of
the precipitation.

Furthermore, the interannual variability of precipitable
water is projected to intensify all over East Asia and the
western North Pacific, with an increase from 0.1 kg/m2 in
the early part to 0.5 kg/m* by the end of the 21st century.
The variability experiences two abrupt increases around the
2030s and 2060s. The intensification of precipitable water
interannual variability implies an enhancement of precipita-
tion source variability and an enhancement in the interannu-
al variability of East Asian summer rainfall.

The phasic variation of interannual variability of East
Asian summer rainfall is caused by variability of both the
dynamic and thermodynamic variables under the A1B sce-
nario. In the early and middle 21st century, both factors
favor the intensification of precipitation interannual varia-
bility. In late 21st century, the dynamic factors suppress the
precipitation variability while the thermodynamic factor
intensifies the precipitation variability.

However, great uncertainties still exist in numerical cli-
mate projections for future climate [14, 15]. The uncertain-
ties mainly come from the climate model uncertainty, future
scenario uncertainty, and internal variability uncertainty.
The simulations will be much more determinate with the
development of climate models, the improvement of sce-
narios, and the understanding of climate systems and related
feedbacks. The simulated results of CMIP5 models provide
a good basis for better understanding the uncertainty in the
present study. The investigation supplies a reference for
further analyzing the projected change in the interannual
variability of East Asian precipitation by using the CMIP5
experiment results.
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