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The authors analyzed the interannual variability in summer precipitation and the East Asian upper-tropospheric jet (EAJ) over
East Asia under the Historical and Representative Concentration Pathways Scenarios (RCPs, including RCP4.5 and RCP8.5),
using outputs of 17 Coupled Model Intercomparison Project phase 5 (CMIP5) coupled models. The analyzed results indicate that
the models can reasonably reproduce relatively stronger interannual variability in both East Asian summer rainfall (EASR) and
EAJ. These models can also capture the relationship between the rainfall anomaly along the East Asian rain belt and meridional
displacement of the EAJ. Projected results suggest that the interannual variabilities in precipitation along the East Asian rain belt
and in the EAJ are enhanced under the scenarios RCP4.5 and RCP8.5 in the 21st century, which is consistent with the previous
studies. Furthermore, it is found that the relationship between the East Asian rainfall and the meridional displacement of the EAJ
is projected to be stronger in the 21st century under the global warming scenarios, although there are appreciable discrepancies

among the models.

East Asian rainfall, East Asian upper-tropospheric jet, interannual variability, relationship, projected change

Citation:
1436-1442, doi: 10.1007/s11434-012-5540-1

Dai Y, Lu R Y. Projected change in the relationship between East Asian summer rainfall and upper-tropospheric westerly jet. Chin Sci Bull, 2013, 58:

East Asian summer monsoon has an important social and
economic impact in eastern China, the Korean Peninsula
and the southern and central Japan. Its variability causes
serious floods and droughts, which are the most natural dis-
asters in East Asia, and brings about great damages in this
region. The interannual variability in East Asian summer
rainfall (EASR) is closely related to the frequency of floods
and droughts. Therefore, the interannual variability in rain-
fall can be approximately used as an important index to
measure the possible changes in the frequency of floods and
droughts under global warming scenarios.

Many projected results suggested that East Asian sum-
mer precipitation will increase in the context of global
warming [1-5]. Some other studies indicated that the inter-
annual variability in EASR will be enhanced in the future
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[6,7], corresponding to the increase of precipitation. On the
other hand, Lu and Fu [7] showed that the interanuual vari-
ability in EASR is intensified much more remarkably in
comparison with summer precipitation itself in East Asia
under the global warming scenarios, implying more fre-
quent occurrence of droughts and floods in the future.

The EASR is closely related to the East Asian upper-
tropospheric westerly jet (EAJ). As an important component
of the atmospheric circulations at the upper troposphere and
low stratosphere in the mid latitudes, the EAJ exhibits a
unique feature [8,9], and variations in both the location and
intensity of the EAJ play a crucial role in influencing
weather and climate in East Asia [10-12]. On the interan-
nual timescale, the meridional displacement of the EAJ is
the most prominent feature in summer [13] and it is inti-
mately related to the EASR. A southward (northward) dis-
placed EAJ is associated with increased (decreased) EASR
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in summer [11,14]. Therefore, a better understanding of
interannual variability of the EAJ and its relationship with
the EASR is crucial for forecasting the occurrence of
droughts and floods in East Asia.

There are few studies on the possible change of relation-
ship between EAJ and EASR under the scenario of global
warming, despite a lot of research on the projected changes
in EASR and some research on the projected change of EAJ
[15]. Understanding the change of the relationship, however,
enable us not only to study the change of precipitation and
EAJ, but also to understand the predictability of East Asian
climate.

The results of Lu and Fu [7], who analyzed the CMIP3
outputs, showed that relationship between EAJ and EASRI
is not significantly changed in the context of global warm-
ing. This insignificance in change of the relationship is
manifested by the following two aspects. First, the result of
multi-model ensemble (MME) mean shows that the correla-
tion coefficient between the EAJ and EASR do not change
obviously. Second, there are great discrepancies in the
change of relationship among the individual models, which
leads to greater uncertainty in the projected change in the
relationship between the EAJ and EASR. The Coupled
Model Inter-comparison Project 5 phase (CMIPS) provides
another opportunity to estimate the changes of the relation-
ship between the EAJ and EASR, and this is the main mo-
tivation of the present study.

1 Data and methods

The results of 17 models in the Coupled Model Inter-com-
parison Project phase 5 (CMIP5) archive were analyzed.
Table 1 lists the basic features of these models. More in-
formation can be found at http://www.pcmdi.llnl.gov/cmip5.
The number of these models is adequate to estimate qualita-
tively the uncertainty through analyzing the inter-model
discrepancies. Three experiments were used to investigate
the projected changes: Historical and two Representative
Concentration Pathways Scenarios (RCPs)—RCP4.5 and
RCP8.5. The experiment “Historical” represents the simula-
tions of the twentieth century climate, in which the forcing
include greenhouse gases, solar forcing, volcanic influences,
ozone, and aerosols. The experiments “RCP4.5” and “RCP8.5”
are the scenarios that radiative forcing stabilizes at 4.5 W/m®
and 8.5 W/m® by 2100, representing medium stabilization
scenario and high emission scenario, respectively.

One of the major differences between the CMIPS and
CMIP3 is that the resolution of the former is generally
higher than the latter. As many studies showed, the im-
provement of the horizontal resolution of climate models is
necessary to improve the simulation of East Asian climate
[16-18]. The improvement of the resolution and other im-
provements in CMIP5 models may cause appreciably dif-
ferent results in comparison with CMIP3 models.
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Table 1 List of the CMIPS5 models analyzed in this study

Model Country Atmospheric resolution
CanESM2 Canada 2.8°%2.8°
CCSM4 US.A 0.9°x1.3°
CNRM-CM5 France 1.4°x1.4°
Fgoals-g2 China 3.0°%2.8°
Fgoals-s2 China 1.7°x2.8°
GFDL-CM3 US.A 2.0°x2.5°
GFDL-ESM2G US.A 2.0°x2.5°
GISS-E2-R US.A 2.0°x2.5°
HadGEM2-CC Britain 1.3°x1.9°
HadGEM2-ES Britain 1.3°x1.9°
INMCM4 Russia 1.5°%2.0°
MIROC5 Japan 1.4°x1.4°
MIROC-ESM Japan 2.8°x2.8°
MIROC-ESM-CHEM Japan 2.8°x2.8°
MPI-ESM-LR Germany 1.9°x1.9°
MRI-CGCM3 Japan 1.1°x1.1°
NorESM1-M Norway 1.9°x2.5°

The simulated results exhibit more or less differences
between models even when the models forced by identical
external forcing (e.g. green house gases), due to the differ-
ences in dynamical framework, parameterization schemes,
and spatiotemporal resolutions. Moreover, it is hard to dis-
tinguish the merits or defects between models and to deter-
mine which models can estimate future climate change
more accurately. Therefore, the MME method with equiva-
lent weights, which is a commonly used method in project-
ing climate change, is applied in this study. Previous re-
searches have suggested that the results of MME are more
reliable compared to those of single model [19,20].

Because the horizontal resolution is different from model
to model, in order to analyze MME results, all the model
data grids are converted to 2.5°x2.5° latitude-longitude grid,
which is the same with the grid for the reanalysis dataset
used for evaluation. The reanalysis datasets used in this
study are the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis data and the Global Precipitation Clima-
tology Project (GPCP) precipitation data.

Interannual standard deviation (SD) and correlation coef-
ficient are used to depict the intensity of interannual varia-
bility and the relationship between two variables, respec-
tively. For observations, 48 years (1958-2005) of NCEP/
NCAR reanalysis data and 29 years (1979-2007) of GPCP
data are used. For models, about 100 years (1900-2005 for
the 20th century and 2006-2099 for the 21st century) simu-
lated outputs are used. The lengths of these time periods are
adequate for reliably depicting intensity of both interannual
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variability and relationship. The component of timescale
greater than 9 years is filtered out before calculating the
interannual SD and correlation coefficient.

2 A brief evaluation of the models’ simulations

Figure 1 shows the climatology and SD of zonal wind at
200 hPa in summer (June to August). Climatologically, in
the reanalysis data, the core of the EAJ is located at about
40°N, and the largest wind speed exceeds 30 m/s and is
located in the northern Tibetan Plateau (Figure 1(a)). Alt-
hough there are significant model-to-model differences, for
instance, the maximum of zonal wind appears over North
Pacific in some models (not shown), the MME simulation
can reproduce well the spatial distribution of EAJ (Figure
1(b)). In the MME result, the core of the EAJ is located at
40°N and the maximum is in the northern Tibetan Plateau.
The meander of the EAJ is also well captured. However,
there are some differences between the MME and observa-
tion. First, the intensity of the EAJ in MME simulation is
about 5 m/s weaker than the observed. Second, the width of
EAJ in MME simulation is wider than the observed. These
discrepancies are likely associated with the weaker meridi-
onal temperature gradient in models [8,21].

There are two maxima regions of interannual SD of
200-hPa zonal wind in the observation. One is resided in the
mid-latitudes of East Asia, and extends eastward into the
North Pacific, representing the considerable interannual
variability of the EAJ [10]. The other area of great interan-
nual SD is around the Ural Mountains (Figure 1(c)). The
spatial distribution of the MME result is similar with the
observation. The MME result can well reproduce the two
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maxima areas, although it fails to reproduce the detailed
distribution in the mid-latitude of East Asia and the intensity
of SD is weaker than the observed.

Figure 2 shows the climatology and interannual SD of
precipitation in summer. There are four areas of rainfall
maximum: the west coast of India, the eastern part of the
Bay of Bengal, the east of South China Sea, and the Philip-
pine Sea and extending east to the tropic Pacific (Figure
2(a)). The MME simulation captures well these features of
the observed, although a stronger precipitation is over the
south edge of the Tibetan Plateau (Figure 2(b)). In East Asia,
the GPCP dataset shows a summer rain belt in a north-
east-southwest direction, which includes South China, the
Yangtze River Basin, the Korean Peninsula, and southern
Japan. The MME reproduces roughly the northeast-south-
west oriented rain belt, but this rain belt is southward shifted
and weaker compared to the observation.

The spatial distribution of SD is similar with that of the
climatological rainfall, i.e. the SD is larger over the region
where the precipitation is larger, and vice versa (Figure
2(c)). This is well represented in the west coast of India, the
eastern part of the Bay of Bengal and the east of South
China Sea. However, the ratio of SD to total precipitation is
relatively higher in the Philippine Sea, the western North
Pacific and the East Asian summer rain belt. The MME
simulation captures well the spatial distribution of SD, alt-
hough it overestimates SD in the India Ocean and underes-
timates SD in the western North Pacific. Overall, interannu-
al SD is reproduced better than climatological precipitation.
The pattern correlation coefficient of SD (0.847) is slightly
higher than that of climatological precipitation (0.829), sug-
gesting that climate models have a stronger ability to repro-
duce SD than to reproduce climatological precipitation.
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Figure 1 Climatology (a), (b) and SD (c), (d) of 200-hPa zonal wind in summer. (a), (c) For the observation; (b), (d) for the MME results. Contours inter-
val is 5 m/s in (a) and (b), and is 0.5 m/s in (¢) and (d). Zonal wind >25 m/s is shaded in (a) and (b), and SD >3.5 m/s is shaded in (c) and (d).
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Figure 2 As in Figure 1, but for precipitation. Contours interval is 2 mm/d in (a) and (b), and is 0.4 mm/d in (c) and (d). Precipitation >6 mm/d is shaded in

(a) and (b), and SD >1.6 mm/d is shaded in (c) and (d).

3 Projected future changes of EAJ, EASR and
the relationship between them

Figure 3 shows projected changes of zonal wind at 200 hPa
and precipitation under the scenario RCP4.5 in the year
2006-2099 compared to the 20th century. In the 21st cen-
tury, zonal wind is increased more than 1 m/s along the
40°N over the central Asia (Figure 3(a)). This is consistent
with the result of Zhang and Guo [15]. In the coastal area of
East Asia and the western North Pacific, on which we focus,
the zonal wind is slightly reduced. Summer precipitation is
projected to be enhanced in the future in the domain of Fig-
ure 3(b) except some small and scattered areas. Precipita-
tion in East Asia and surrounding areas also shows an in-
creasing trend, especially in the western North Pacific and
the Northeast Asia, which is roughly consistent with previ-
ous studies [2,4,22-24].

We also analyzed projected changes in zonal wind at
200 hPa and precipitation under the scenario RCP8.5 (not
shown). The results are similar to those under the scenario
RCP4.5, i.e. the 200-hPa zonal wind is not obviously changed
while precipitation is increased in the coastal area of East
Asia and the western North Pacific.

Figure 4 shows projected SD changes in zonal wind at
200 hPa and precipitation under the scenario RCP4.5. The
SD of 200-hPa zonal wind is enhanced over East Asia and
the western North Pacific in the 21st century (Figure 4(a)).
Interestingly, the interannual SD shows a very weak change
along 40°N, where the axis of the climatological EAJ is
located, but increases both north and south to the axis.
Therefore, it suggests that the meridional displacement,
rather than the intensity, of the EAJ is expected to exhibit
enhanced interannual variability under the global warming

scenarios.

In the context of global warming, the interannual varia-
bility of precipitation is intensified over majority of regions,
including East Asia and the western North Pacific (Figure
4(b)). The intensification is remarkable over South China
and the subtropical western North Pacific. This is consistent
with previous studies, which indicate that the interannual
variability of summer precipitation over East Asia will be
increased in the future [6,7].

The EAJ is closely related to East Asian summer precip-
itation. A southward (northward) displaced EAJ favors
above-normal (below-normal) rainfall in East Asia. Next,
we investigate the projected change in the relationship be-
tween East Asian summer precipitation and EAJ meridional
displacement under the global warming.

In order to facilitate quantitative analysis of precipitation
and EAJ, two indexes are used to characterize the East
Asian precipitation and the meridional displacement of EAJ.
First, we define an EAJ index (EAJI) by the difference be-
tween the 200 hPa zonal winds averaged over (120°-150°E,
30°-40°N) and (120°-150°E, 40°-50°N), following Lu [11].
A positive (negative) EAJI indicates a southward (north-
ward) displacement of the EAJ. Second, an East Asian
Summer Rainfall Index (EASRI) is defined by the summer
mean precipitation averaged over the parallelogram region
determined by the points (25°N, 100°E), (35°N, 100°E),
(30°N, 160°E), and (40°N, 160°E), following Lu and Fu [7].
This region is used to mimic the East Asian subtropical rain
belt in summer which has a slight southwest-northeast tilt.
The correlation coefficient (CC) is used to represent the
relationship between the two indexes.

Figure 5 shows the projected change in the interannual
variability of EASRI under the scenarios RCP4.5 and
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Figure 3 Projected changes in 200-hPa zonal wind (a) and precipitation
(b) in the 21st century under the scenario RCP4.5. Contours interval is 0.5
m/s in (a) and 0.2 mm/d in (b). The shaded areas are for values greater than
1 m/s in (a) and 0.4 mm/d in (b).
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Figure 4 As in Figure 3, but for the SD. Contours interval is 0.1 m/s in (a)
and 0.1 mm/d in (b). The shaded areas are for values greater than 0.1 m/s in
(a) and greater than 0.1 mm/d in (b).

RCP8.5. The interannual variability in EASRI is intensified
under the global warming scenarios. Almost all models
suggest that the interannual variability in EASRI is en-
hanced under the scenario RCP4.5, except for the models
CanESM2 and GISS-E2-R, which project slight weakened
SD (<0.1). Similarly, except for the model Fgoals-g2, all
models project enhanced interannual variability of EASR
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Figure 5 Projected change in the SD of EASRI under the scenarios
RCP4.5 and RCP8.5. The abscissa is for the ratio of the SD between the
scenario RCP8.5 and 20 C, and the ordinate is for the ratio between the
scenario RCP4.5 and 20 C.

under the scenario RCP8.5. Ten models project a more re-
markably enhanced interannual variability under the sce-
nario RCP8.5 than under the scenario RCP4.5, implying
that the greater green house gases emission, the greater in-
terannual variability of EASR will experience.

Figure 6 shows the projected change in the relationship
between the EAJ and EASR under the scenarios RCP4.5
and RCP8.5 in the 21st century. Under the scenario RCP4.5,
most models (12 of 17) shows that the correlation coeffi-
cient is increased in the 21st century, i.e. the relationship of
summer precipitation and the upper-tropospheric westerly
jet over East Asia might be more closely in the 21st century.
On the other hand, under the scenario RCP8.5, the correla-
tion coefficient is increased in about half of models but de-
creased in another half, suggesting a great uncertainty in the
change in relationship between EASR and EAJ under the
scenario RCP8.5.

In the context of global warming, the intensified inter-
annual variability of precipitation in East Asia may be one
of the reasons for the stronger relationship between the EAJ
and EASR. Since a precipitation anomaly in East Asia can
cause the meridional displacement of EAJ [25], an en-
hanced interannual variability of East Asian rainfall may
result in an intensified relationship between the EAJ and
EASR. However, due to remarkable interdecadal variability
in EAJ [26,27], the complicated mechanisms for the merid-
ional displacement of EAJ, such as the feedback of transient
eddy [28], and the existence of many factors, besides the
EAJ, affecting the East Asian summer precipitation. Greater
efforts are still necessary for illustrating possible change in
the relationship between the EAJ and EASR. In particular,
some studies suggested that the land surface temperature
changes over Eurasia, which is related to the global warming,
may also affect the EASR [29,30].
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Figure 6 Projected change in the CC in the 21st century under the sce-
narios RCP4.5 and RCP8.5. The abscissa is the CC in 20 C, and the ordi-
nate is the CC under the scenarios RCP4.5 and RCP8.5 in (a) and (b),
respectively.

4 Conclusions

In this study, we investigated the projected changes in in-
terannual variability of EAJ and EASR in the 21st century
under scenarios RCP4.5 and RCP8.5, by analyzing the
simulation of 17 CMIP5 models. The possible change in
the relationship between the EASR and EAJ in the 21st
century was also examined. Main results are summarized
as follows.

(1) The simulation of MME can well reproduce the rela-
tively stronger interannual variability in precipitation and
EAJ over East Asia and the western North Pacific.

(2) The interannual variability in precipitation over East
Asia and EAJ will be intensified in the 21st century under
the scenarios RCP4.5 and RCP8.5.

(3) The relationship between the EASR and EAJ be-
comes closer in the 21st century in the context of global
warming. However, great uncertainty is existed under the
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scenario RCP8.5, and the reasons for this uncertainty are
unknown.
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