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Abstract This study evaluates the simulation of the coherent
circulation structure correspond to the changes of mid-
summer (July–August) rainfall over eastern China (30°–40°
N, 110°–120° E) in high-resolution NCAR CAM5. Forced by
historical sea surface temperatures (SSTs), the NCAR CAM5
reasonably reproduces coherent changes of temperature and
large-scale circulations, corresponding to the changes in rain-
fall. Results show that when the rainfall decreases over eastern
China, the model reproduces a remarkable warm center in the
upper troposphere with an anomalous anticyclone appears
above and an increase in anomalous westerlies to its north.
An anomalous anticyclone also occurs in the lower tropo-
sphere, along with anomalous southerlies to its east which
indicates strengthening of the East Asian summer monsoon.
Both the circulation changes in the upper and lower tropo-
sphere favor a decrease in precipitation over central eastern
China. There were also good correlations between the simu-
lated upper-tropospheric temperature and other large-scale cir-
culation changes. There are some deficiencies in the NCAR
CAM5 simulations in terms of the changes in magnitude and
location of the rainfall centers. However, in general, the model
reasonably reproduced the coherent configuration of the large-
scale circulation patterns and surface rainfall. This study fur-
ther confirms that the climate variations across East Asia most
likely arise from a regional response to global climate change.
The well-simulated configuration by NCAR CAM5 also indi-
cates the reliability of the model and its potential to reveal the

mechanisms driving the coherent changes of the East Asian
summer monsoon system.

1 Introduction

The East Asian summer monsoon (EASM) affects China,
Japan, and Korea from the subtropics to the mid-latitudes
(the BEASM region^); it is influenced by the Tibetan Plateau
and complex land–sea distributions in the region, which make
it hard to elucidate the mechanisms that drive its variation. The
summer rainfall distribution, seasonal movement of the rain
belt, and droughts and floods in the EASM region are con-
trolled, to a large extent, by the EASM. The characteristics of
the monsoon climate and geography of China cause unique
regional precipitation characteristics across China. These var-
iations in precipitation have been an important part of meteo-
rology and climate research for decades (Ding 1992).

The climate variability and predictability (CLIVAR) pro-
gram has specified 10–100 year timescale climate variation as
a vital component of climate research and considers
interdecadal precipitation changes as one of the key issues
(Ding et al. 2008; Wang 1994; Wang 1997). Affected by
interdecadal changes of the EASM, summer rainfall in eastern
China also manifests significant interdecadal changes over the
past 50 years (Chen et al. 2004; Ding and Chan 2005); for
example, in the late 1970s, changes in eastern China rainfall
showed the notable Bsouthern-flood–northern-drought^
(SFND) pattern (Wang 2001; Zhou et al. 2009a), along with
the weakening of the EASM (Du et al. 2009) and the south-
ward shift of the subtropical westerly jet (Ding et al. 2010;
Huang et al. 1999; Yu and Zhou 2007; Zhang et al. 2003). Yu
et al. (2004) suggested that the SFND anomalous pattern was
part of a coherent three-dimensional (3-D) structure, charac-
terized by a cooling trend in the upper troposphere above East
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Asia. It was probably influenced by the North Atlantic
Oscillation (NAO), troposphere–stratosphere interactions
and snow cover levels on the Tibetan Plateau (Baldwin et al.
2003; Ramaswamy et al. 2001; Xin et al. 2010; Yu and Zhou
2004). At the beginning of the twenty-first century, the global
warming rate has slowed down (Trenberth and Fasullo 2013;
Trenberth et al. 2014); in contrast to the rapid global warming
session before, the East Asian climate has manifested several
brand new features. Zhao et al. (2015) found that over eastern
China, the mid-summer precipitation has increased over the
Huaihe river valley and decreased in the regions south of the
middle and lower reaches of the Yangtze River Valley.
Accompanied with the interdecadal coherent changes of the
3-D large-scale circulation structure which manifested as an
increasing temperature in the upper troposphere above East
Asia, a strengthening of the EASM and the northward move-
ment of the subtropical westerly jet.

Precipitation is a critical element of the East Asian climate,
but accurate predictions of the EASM rainfall have always
been difficult. Researches showed that rainfall simulations in
most current climate models are not entirely satisfactory
(Chen and Frauenfeld 2014; Zhou et al. 2010), and among
them the EASM system simulation is a relatively challenging
part (Zhou et al. 2009c). Wang et al. (2005) suggested that the
imperfect rainfall simulations in the atmospheric general cir-
culation models (AGCM)may be due to the neglect of the air–
sea interaction. However, considering the complexity and par-
ticularity of the EASM system, the good (to a certain extent)
abilities of climate models to predict large-scale circulation
have led to their wide application in attribution research of
East Asian interdecadal climate change and may have provid-
ed an indispensable tool for the EASM climate research (Dai
2010; Ding et al. 2007; Menon et al. 2002; Zhou et al. 2009b).

Before applying climate models in attribution research of
interdecadal climate change, we need a clear understanding of
their performance. Many researchers have pointed out defi-
ciencies on model simulation of the East Asian precipitation
interdecadal changes (Chen 2014; Sun and Ding 2008; Wang
et al. 2005). The performance of climate models in simulating
interdecadal changes of the EASM has always been evaluated
separately either on precipitation or on circulation before
(Menon et al. 2002; Wang et al. 2008; Zhou et al. 2009a),
merely as a whole structure. Li et al. (2010) carried out a series
of experiment using CAM3 and AM2.1 and successfully
reproduced the weakening of the EASM in the 1970s.
However, they did not provide a realistic simulation of the
rainfall changes. Chen et al. (2012) comprehensively assessed
the performance of the Beijing Climate Center atmospheric
general circulation model (BCC_AGCM) to simulate
interdecadal changes in rainfall and the corresponding large-
scale environment for the late 1970s. Their results showed that
although the climate model has deficiencies in simulating var-
iations in the EASM, it can reproduce coherent changes of the

EASM circulation system and precipitation. Their study pro-
vides a basis for interdecadal climate change research, based
on the climate model.

Wang et al. (2005) suggested that the relatively low model
resolution may lead to errors in simulating China rainfall be-
cause it fails to capture the complex terrain. As recent progress
in model development has led to the production of high-
resolution models, the model skill on simulating the rainfall
pattern over China has been improved to a certain extend.
Rainfall distributions over and around the high elevations of
the Tibetan Plateau and high-altitude mountains are more re-
alistic in these new high-resolution models (Feng et al. 2011;
Kusunoki et al. 2006; Li et al. 2015). However, there has been
insufficient study dedicated to evaluating the performance of
the high-resolution models in simulating the interannual and
interdecadal changes of the EASM and comprehensively eval-
uating their ability to simulate the latest climate changes over
East Asia.

While the EASM system has recently experienced a new
interdecadal change (since the turn of the century, under the
background of a global warming hiatus), the rainfall of eastern
China exhibits significant different patterns compared to the
late 1970s as well as the large-scale circulation. Still, there
have been few researches dedicated to the skill of high-
resolution model on comprehensively simulating both the
brand new rainfall pattern and its corresponding large-scale
circulation changes.

This study focuses on the performance of the National
Center for Atmospheric Research Community Atmosphere
Model, version 5.1 (NCAR CAM5). As previously men-
tioned, climate models have deficiencies in reproducing the
interdecadal change of East Asia (Qian and Giorgi 1999; Zhou
and Yu 2006; Zhou et al. 2008). In this paper, our main pur-
pose is to investigate whether the NCAR CAM5 can repro-
duce the integrated 3-D large-scale circulation structure
changes over East Asia corresponding to the rainfall pattern
variation. Due to the flaws of the model skill on capturing the
interdecadal climate change over East Asia, the composite
analyses are applied in this study. Such analyses contribute
to an appreciation of the models’ strengths and deficiencies
on simulating climate changes and provide a foundation for
EASM research. The rest of the paper is organized as follows.
Section 2 provides a brief description of the NCAR CAM5
model and data sets used. The model simulation results are
given in Sect. 3, and conclusions and discussion are provided
in Sect. 4.

2 Numerical experiment and data sets

The NCAR CAM5 model uses the Eulerian dynamical core.
The hybrid pressure-sigma vertical coordinate of the model
has 30 levels with a top at 2.255 hPa. The major model
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physics of CAM5 include the following: (1) separate deep
(Richter and Rasch 2008; Zhang and McFarlane 1995) and
shallow (Park et al. 2014) convection schemes and a moist
turbulence scheme (Bretherton and Park 2008) for calculating
the subgrid vertical transport of heat and moisture; (2) a two-
moment cloud microphysics scheme (Morrison and
Gettelman 2008) with a suite of compatible cloudmacro phys-
ics schemes, which handle cloud fraction, horizontal and ver-
tical overlapping and conversion from water vapor to cloud
condensate (Neale 2010); and (3) a radiative transfer model
for GCM (RRTMG) package for calculating the radiation
(Mlawer et al. 1997).

Forced by monthly historical sea surface temperatures
(SSTs), a long-term experiment, from January 1979 to
December 2009, was conducted at T266 horizontal resolution
(0.45° × 0.45°). Using the monthly output from 30 years
(1980–2009), the rainfall and large-scale circulation patterns
in the Northern Hemisphere during mid-summer (July–
August; JA) were investigated.

Monthly temperature and circulation reanalysis data uti-
lized were from the US National Centers for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) (Kalnay et al. 1996). The data set had a hor-
izontal resolution of 2.5° × 2.5° and contained 17 vertical
levels. The precipitation data used comprised daily rain gauge
records from 754 stations across China during 1980–2009;
these data were archived and quality controlled by the
National Meteorological Information Center of the China
Meteorological Administration.

3 Results

3.1 Simulation of climatological precipitation
and circulation

Precipitation is a critical indicator of monsoon activities and
its simulation is a result of the combined action of dynamical
and physical progress in the numerical model. We first inves-
tigated the performance of the model in simulating the clima-
tological precipitation and upper/lower-tropospheric circula-
tion patterns during JA in East Asia. The observations and
model results are provided in Fig. 1a, b, respectively.

For the study period, observations (Fig. 1a) show that the
main rain belt in China is located around the Yangtze River
Valley and the regions south of 25° N. Less rainfall appears
north of 35° N in the observations, while northern and north-
eastern China still have several strong rainfall regions. The
model (Fig. 1b) fails to reproduce the rain belt south of 35°
N; the whole spatial distribution of rainfall is northward, com-
pared to the observations, with the main rain belt being at
about 37.5°–40° N. As such, the precipitation simulated to
the south of 35° N is weaker than the observations. For

example, in the regions south of the middle and lower reaches
of the Yangtze River Valley, precipitation reaches 7 mm day−1

in the observations but is only 4 mm day−1 in the model.
Meanwhile, the high-resolution model performs well in sim-
ulating the precipitation in the complex topographic area of
southwestern China, where the precipitation levels in the cen-
ter of the peak are similar to those in the observations.

In the upper troposphere, observations (Fig. 1a) show that
the maximum center of the 200 hPa westerly jet is located
around 40° N and the speeds of the westerlies exceed
25 m s−1 in the regions west of 125° E. In the model
(Fig. 1b), the maximum center of the westerly jet axis at
200 hPa is located around 45° N and the regions where the
westerlies are stronger than 25 m s−1 are centered to the west
of 105° E. The maximum center of the westerly jet in the
model is also further north than that in the observations.

In the lower troposphere, the model reproduces the south-
erlies in eastern China at 850 hPa, but they are located further
north and are stronger than the observations, which is consis-
tent with the differences in the rain belt distribution, as de-
scribed above. In addition, the shear point of the mid-lower
troposphere easterlies and westerlies is at about 30° N in the
observations but is 5° N further north than this in the model.

3.2 Changes in eastern China precipitation

The rain gauge records show that precipitation in eastern China
experienced distinct interdecadal changes at beginning of the
twenty-first century (Zhao et al. 2015); the precipitation anom-
alies change from negative to positive in the Huaihe River
Valley (north of 32° N), and the opposite occurs in the regions
south of the mid-lower reaches of the Yangtze River Valley
(south of 32° N). In the simulation results, the precipitation
anomalies change from positive to negative in the regions be-
tween 30°–40° N and 110°–120° E. Compared to the observed
decrease in precipitation south of the mid-lower reaches of the
Yangtze River Valley, the regions simulated to have decreased
precipitation are located further north (figure not shown).

To investigate the large circulation changes that correspond
to the changes in precipitation, we selected two critical regions
in eastern China from the observations and model results, re-
spectively (observation: 25°–30° N, 110°–120° E; model: 30°–
40° N, 110°–120° E), which both experience distinct precipi-
tation decreases.We extracted the regional averaged time series
of precipitation for these two critical regions (Fig. 2). Then, we
chose the years in which the precipitation levels were more
(less) than +0.75 (−0.75) standard deviation to represent the
wetter (drier) years in the critical regions. Finally, we evaluated
the performance of the model in simulating the large-scale cir-
culation changes corresponding to the anomalous precipitation
years, using the composite analysis method.

In the observations, there are 6 years each of more and less
rainfall than usual; the wetter years are 1980, 1993, 1996,
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1997, 1999, and 2002 and the drier years are 1981, 1986,
1990, 1991, 2003, and 2005. The model simulates 7 years
each of more and less rainfall than usual; the wetter years
are 1980, 1981, 1990, 1993, 1996, 2002, and 2008 and the
drier years are 1984, 1988, 1999, 2000, 2003, 2005, and 2007.
The differences in mean precipitation between the drier years
and the wetter years represent the change features in the se-
lected critical regions, when there is less rainfall. Figure 3
shows the precipitation distribution of this composite analysis.
In both the observations and model results, there are similar
and distinct precipitation decreases and slight increases in the
north of the selected critical regions (black boxes), although
these are not significant. However, the precipitation ampli-
tudes are weaker in the model than in the observations.

3.3 3-D large-scale circulation changes in East Asia

As indicated by Yu et al. (2004), the interdecadal changes of
precipitation over eastern China are closely related to the co-
herent three dimensional large-scale circulation changes,

characterized by the upper-tropospheric temperature changes.
Figure 4 presents the results of the upper-tropospheric (500–
200 hPa) temperature differences between the unusually wet
and dry rainfall years during JA. The model simulates the
strongest warm center in the Northern Hemisphere to be over
East Asia, corresponding to the observations. The warm cen-
ter is located overMongolia (35°–50° N, 100°–120° E), where
the simulated temperature rises more than 1 °C, a little weaker
than the observations (in which it increases by about 1.2 °C).

The geopotential height changes in accordance with upper-
tropospheric temperatures over East Asia. In Fig. 5, the
meridional-averaged cross sections (100°–120° E) of differ-
ences in temperature and geopotential height between the wet-
ter and driers than usual years are presented. In the observa-
tions (Fig. 5a), there is a downward stretching warm center in
the mid- to high-latitude area of East Asia (25°–50° N). In the
East Asian region between 25° and 37.5° N, the warm center
in the upper troposphere is at 300–200 hPa. Corresponding
with this upper-tropospheric temperature rise in East Asia, the
geopotential height significantly increases above the warm

(a) (b)

Fig. 1 Mid-summer (July–August) climatological mean (1980–2009)
precipitation (shading, mm day−1), zonal wind at 200 hPa (contours,
m s−1), and horizontal wind fields at 850 hPa (vectors, m s−1) derived

from a station rainfall records and NCEP circulation reanalysis and b
NCAR CAM5 simulation results

(b)
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Fig. 2 Regional averaged and standardized precipitation time series of a
station rainfall records (averaged over 25°–30° N, 110°–120° E) and b
NCAR CAM5 simulation results (averaged over 30°–40° N, 110°–120°

E). In the red (blue) marked years, the precipitation levels are more (less)
than +0.75 (−0.75) standard deviation
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center. There is a southward shift in the warm center, where it
spans from the upper to lower troposphere and presents a
baroclinic structure in the troposphere. The geopotential
height observations present the same spatial structure; divided
at 32° N, the geopotential height rises to the south and declines
to the north, as it is affected by the cold center at lower
troposphere.

The spatial structure of the temperature increase in East
Asia is reproduced well by the model (Fig. 5b). The baroclinic
structure of the temperature rise is simulated, extending from
the upper troposphere down to the surface. The strongest
warm center in East Asia appears between 500 and 200 hPa,
at about 35°–50° N, with the peak at 300 hPa. The location of
the upper-tropospheric warm center is further north, compared
to the observations, and its amplitude is weaker (rises of about
1 °C are simulated in the model, while there are 1.2 °C in-
creases in the observations). Above the warm center, the sim-
ulated geopotential height correspondingly rises; the 200 hPa
geopotential height rises above 30 m. A remarkable

geopotential height gradient is simulated to the north of the
peak center, around 52° N. The baroclinic structure of the
temperature and the geopotential height increases, and their
configurations are reproduced well by the model.

Figure 6 presents the zonal (30°–40° N, observations; 35°–
50° N, model) averaged cross sections of the differences in
temperature and geopotential height between the wetter and
drier than usual years. The strongest warm center in the ob-
servations is located at 300–200 hPa, between 90° and 120° E,
with increases of more than 1 °C (Fig. 6a). The geopotential
height change reaches a maximum at 200 hPa, with the center
to the east of the warm center, around 110° E. The temperature
increase extends eastward from the upper to lower tropo-
sphere, producing a baroclinic structure; and the geopotential
increases similarly.

The model reproduces a realistic spatial structure and con-
figuration of the changes in temperature and corresponding
geopotential height (Fig. 6b); however, the simulated ampli-
tudes of both parameters are weaker. The regions showing

(a) (b)Fig. 3 The difference in mean
precipitation, during July–
August, between the drier and
wetter years (drier minus wetter;
mm day−1) derived from a station
rainfall records and b NCAR
CAM5 simulation results. The
black boxes indicate the critical
regions in the observation and
model. The black slashes indicate
where the changes are statistically
significant (P < 0.05)

(a) (b)

Fig. 4 The difference in mean upper-tropospheric (500–200 hPa) tem-
perature (K), during July–August, between the drier and wetter years
(drier minus wetter), derived from a NCEP reanalysis and b NCAR

CAM5 simulation results. The black slashes indicate where the changes
are statistically significant (P < 0.05)
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temperature rises over 0.8 °C are only concentrated between
100° and 110° E, and the warm center is lower than in the
observations. The strongest warm center is located at 300 hPa.
The spatial structure of the temperature change is similar to the
observations; it stretches eastward from the upper to lower
troposphere, and the surface warm center occurs between
110° and 120° E. Corresponding to the temperature increase
in the upper troposphere, the geopotential height significantly
rises above the warm center, over 28 m, with a similar
baroclinic structure. Similar to the temperature change, the
amplitude of the geopotential height increase is weaker in
the model.

Based on the geostrophic adaption theory, wind fields adapt
to pressure fields in large-scale motions. Corresponding to the
variations of the upper-tropospheric temperature and

geopotential height, the coherent 3-D circulation in East Asia
experiences significant changes. Figure 7 shows the differences
in circulation between the wetter and drier than usual years, in
the upper (a) and lower (b) troposphere, according to observa-
tions. The model precisely reproduces the representative
changes in the 3-D large-scale circulation patterns (Fig. 7c, d).

In the upper troposphere, along with the change in
geopotential height, an anticyclone is simulated above the
warm center at 35°–50° N and 100°–130° E (Fig. 7c). It is
similar to the observed anticyclone (Fig. 7a), but a bit further
north. Divided at 40° N, the 200 hPa zonal winds show anom-
alous westerlies to the north and easterlies to the south
(Fig. 7a). There is a strong gradient toward the north in the
geopotential height around 50° N (Fig. 5b); based on the geo-
strophic balance, the westerlies increase most at the regions
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Latitude Latitude

Fig. 5 Latitude–height cross
section averaged (100°–120° E),
July–August, mean differences in
temperature (shading, K) and
geopotential height (contours;
gpm in observation and m in
model) between the drier and
wetter years, derived from the a
NCEP reanalysis and b NCAR
CAM5 simulation results. The
black slashes indicate where the
changes are statistically
significant (P < 0.05)
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Fig. 6 As for Fig. 5, but for the
longitude–height cross section,
averaged over a 30°–45° N and
derived from the NCEP reanalysis
and b 35°–50° N and derived
from the NCAR CAM5
simulation results
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with the greatest temperature gradient. Corresponding to the
geopotential height gradient around 50° N, the 200 hPa west-
erlies increase significantly between 40° and 50° N.

The strong anomalous westerlies north of 40° N move the
subtropical westerly jet northward in the drier years, compared
to the wetter years. Between 100° and 130° E, the westerly jet
stream moves about 3° northward (figure not shown). Kuang
and Zhang (2006) and Kwon et al. (2005) suggested that the
East Asian summer rainfall is closely related to the location
and amplitude of the subtropical westerly jet. When the jet
moves northward, the region of convergence, leading to up-
ward air movement, shifts northward, resulting in less rain in
the southern regions. Both in the observations and model re-
sults, corresponding with the jet moving northward, there are
significant anomalous downdrafts in the selected critical re-
gions (figure not shown), which result in a decrease in rainfall.

Corresponding with the lower-tropospheric temperature in-
crease (Fig. 5b), at the warm center, the model reproduces the
geopotential height rising over 6 m (25°–40° N, 105°–135° E;
Fig. 7d); this is similar to the observations (Fig. 7b), except
that the observations are weaker in amplitude. In the observa-
tions and simulation results, anomalous anticyclones appear in
regions where the geopotential height increases, with anoma-
lous southerlies to their west, between 30° and 40° N in the
observations and 37°–50° N in the simulation results.
Numerous studies have chosen the southerlies in this region
as an index of the EASM (Li and Zeng 2002; Wu and Wang
2002), where stronger southerlies indicate a stronger EASM.
The model reproduces the strengthening of the EASM in this
region, as shown in the observations. The stronger EASM
leads to the northward shift of the monsoon rain belt, which
results in less rainfall in the critical regions.

(a) (b)

(c) (d)

Fig. 7 The drier minus the wetter
years’ (July–August) means of
the geopotential height (shading,
gpm) and wind fields (vectors,
m s−1), derived from the a, b
NCEP reanalysis and c, d NCAR
CAM5 simulation results at a, c
200 hPa and b, d 850 hPa. The
black slashes and red vectors
indicate where the changes are
statistically significant (P < 0.05)
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Figure 8 shows the differences in the vertically integrated
water vapor flux divergence and transportation between the
wetter and drier years. The vertically integrated vapor flux Q
can be written as

Q ¼ g−1∫ptpsqVdp

where g is the acceleration due to gravity, q the specific
humidity, and the vector V represents the total wind. ps is the
surface pressure and pt the pressure at the top of the atmo-
sphere. The vapor flux divergence can be calculated as

Qdiv ¼ g−1∫ptpsq∇Vdp

and here, pt = 300 hPa and ps = 1000 hPa.
In the observations (Fig. 8a), water vapor divergence oc-

curs in regions south of the Yangtze River Valley and its con-
vergence occurs in northern China and the Huaihe River
Valley. These convergence and divergence regions are divided
at 32° N. A similar distribution of water vapor convergence
and divergence is simulated by the model (Fig. 8b). Divided at
40° N, significant divergence of water vapor occurs around
30°–40° N and 105°–120° E, with convergence regions to the
north of the area; thus, the arid/moist configuration is located
slightly northward of that observed. Focusing on the transpor-
tation of the water vapor, anomalous southerlies bring a large
quantity of water vapor to the northern regions, causing a lack
of water vapor supply in the critical regions and an excess of
water vapor in the northern regions. This water vapor config-
uration, corresponding to the coherent large-circulation
changes, is simulated well (Fig. 8b).

Above, we have comprehensively analyzed the perfor-
mance of the model in simulating coherent changes of the 3-

D structure, characterized by upper-tropospheric warming, in-
cluding the upper-level jet and the lower-level EASM in drier
years in East Asia. We further analyzed the relationship be-
tween the key circulation elements and the upper-tropospheric
warming; we used the standardized time series, averaged from
the regions with the most significant temperature increases, as
the upper-tropospheric temperature index (UTI). Table 1 gives
the correlation coefficients between the UTI and other circu-
lation and rainfall indexes in the observations and model re-
sults. There are good relationships between the model results
for the UTI and other indexes relating to the 3-D structure, as
for the observations. The upper-tropospheric temperature over
East Asia is positively correlated with the 200 hPa westerlies
and lower-tropospheric southerlies and negatively correlated
with precipitation in the critical regions. The correlation coef-
ficients between the UTI and 200 hPa westerlies are 0.45 in
the model results and 0.73 in observations; these are both
higher than other correlations. The correlation coefficients of
the lower-tropospheric circulation patterns with the UTI are
not as good as for the upper troposphere, which might be due
to the complicated influences of many factors, such as topog-
raphy. Except for the relationship with precipitation, the cor-
relation coefficients in the model are weaker than in the ob-
servations, but they are still significant.

The correlation analysis between the upper-tropospheric
temperature and the other circulation indexes further confirms
the close relationship in the coherent 3-D structure of the
model simulation. On the one hand, the model faithfully re-
produces the upper-tropospheric warming, the corresponding
appearance of the anticyclone and the northward shift of the
subtropical westerly jet. On the other hand, the lower-
tropospheric warm center is accompanied with an anticyclone
in the lower troposphere, and the EASM is strengthened cor-
respondingly. The northward shift of the upper-tropospheric

(a) (b)Fig. 8 The drier years minus the
wetter years’ (July–August)
means of the vertically integrated
(1000–300 hPa) water vapor flux
divergence (shading,
104 kg hPa−1 m−2 s−1) and water
vapor flux (vectors, m s−1),
derived from the a NCEP
reanalysis and b NCAR CAM5
simulation results. The black
slashes and red vectors indicate
where the change is statistically
significant (P < 0.05). All of the
figures are created using The
NCAR Command Language
(http://www.ncl.ucar.edu/)

208 S. Zhao et al.

http://www.ncl.ucar.edu/


jet and the strengthening of the lower-level EASM are two
critical factors that lead to less rainfall in the critical regions
and both show similar variations in the observations and mod-
el simulation.

4 Conclusions and discussion

In this paper, we comprehensively assessed the performance
of the high-resolution climate model NCAR CAM5, forced
with historical SSTs, in simulating the changes of precipitation
and the corresponding 3-D circulation structure during JA,
across East Asia. The results show that although the model
has biases in simulating the precipitation, it successfully cap-
tures coherent changes of the precipitation and the 3-D circu-
lation structure.

In summary, corresponding to a decrease in regional pre-
cipitation over eastern China, in mid-summer, the large-scale
circulation in East Asia shows coherent variations:

1. The upper-tropospheric temperature rises significantly
across northern China and Mongolia, with a baroclinic
structure extending down to the surface. Corresponding
to the upper-tropospheric warming, an anomalous anticy-
clone appears above the warm center and anomalous
westerlies occur to the north of it; these lead to the sub-
tropical westerly jet moving northward.

2. At lower troposphere, corresponding to the surface
warming, an anticyclone appears, with anomalous south-
erlies to the east of it. The anomalous southerlies strength-
en the EASM and bring more water vapor to the northern
regions.

3. The upper-tropospheric temperature rise is closely related
to the circulation changes. The upper-tropospheric tem-
perature is highly correlated with the 200 hPa westerlies
and the precipitation in the critical regions. However, the
relationship with the 850 hPa southerlies is a little bit
weaker, which might be due to the complex influences
of many lower-tropospheric factors, like topography.

The NCAR CAM5 climate model still exhibits certain
biases; for example, the location of the upper-tropospheric

zonal winds, lower-tropospheric circulation, and rain belt are
all slightly north of observations. In addition, the precipitation
levels in eastern China are weaker. These outcomes are con-
sistent with previous studies; even the advanced general cir-
culation models still have large biases when used to simulate
the East Asian climate (Chen et al. 2010; Song et al. 2014;
Sperber et al. 2013; Turner et al. 2008). Chen and Frauenfeld
(2014) indicated that the CMIP5 overestimates the magnitude
of seasonal and annual precipitation in most regions of China.
Zhou et al. (2009b) analyzedmultimodel ensemble simulation
results and found that over the extratropical western North
Pacific and South China Sea, the MME fails to demonstrate
any skill in summer. This might be due to the lack of consid-
eration in air–sea interaction in atmospheric general circula-
tion model. However, the analysis in this paper has also dem-
onstrated that, despite the model biases, NCAR CAM5 is still
relevant for climate variation research in East Asia. The model
reproduces the coherent structure of the large-circulation
changes corresponding to rainfall changes in East Asia well.
Therefore, the model has the potential to be applied to allow
interpretation of the mechanisms that cause climate change in
East Asia. However, while carrying out such numerical exper-
iments, it is necessary to consider the system biases that may
be influenced by the model itself.

This experiment was carried out at a high horizontal reso-
lution. Research has shown that medium- and low-resolution
models have significant deficiencies, in terms of depicting the
EASM rain belt’s location, seasonal shifts, and interannual
variations (Chen et al. 2010; Lin et al. 2008; Zhou and Li
2002; Zhou et al. 2010); in particular, they create a false heavy
rainfall center over the eastern edge of the Tibetan Plateau (Yu
et al. 2000). The high-resolution model has shown significant
improvements in its ability to simulate East Asian precipita-
tion, especially orographic precipitation, compared to previ-
ous models (Gent et al. 2010; Kusunoki et al. 2006; Li et al.
2015). While the results show that the high-resolution model
improves the precipitation simulation (Fig. 1), compared to
the low-resolution model (figure not shown), there are no
significant improvements at reproducing the precipitation in
the eastern China and Plain areas. This indicates that there
remain some biases in the model itself, despite the use of a
high resolution (Lau and Ploshay 2009; Yuan et al. 2013).

Table 1 Correlation coefficients between the UTI and other circulation and rainfall indexes in the observations and model results

Observations Model simulation

T300 hPa (30°–40° N,
100°–120° E)

T300 hPa (40°–50° N,
100°–120° E)

U200 hPa (40°–50° N,
90°–120° E)

V850 hPa (25°–30° N,
100°–120° E)

PRE (25°–30° N,
110°–120° E)

U200 hPa (45°–55° N,
90°–120° E)

V850 hPa (30°–40° N,
100°–120° E)

PRE (30°–40° N,
110°–120° E)

0.73 0.40 −0.42 0.45 0.28 −0.44

Bold values are statistically significant (P < 0.05)
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In this work, the composite analysis is used to reveal the
coherent structure corresponding to the rainfall changes in
NCARCAM5 high-resolution simulations, but the model per-
formance on the interdecadal change mentioned by Zhao et al.
(2015) including the upper-tropospheric temperature trend
change still needs further study. Besides, the physical and
dynamical mechanisms behind the interannual and
interdecadal climate change at the beginning of the twenty-
first century remain elusive, especially the mechanisms driv-
ing the upper-tropospheric temperature changes. Probable fac-
tors include atmospheric oscillations and interactions between
the stratosphere and troposphere (Xin et al. 2006; Yu et al.
2004). Based on this paper, further attribution research of in-
terannual and interdecadal changes in the East Asian climate
using numerical experiments is warranted.
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