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ABSTRACT

The East Asian summer monsoon (EASM) is a distinctive component of the Asian climate system and critically in-
fluences the economy and society of the region. To understand the ability of AGCMs in capturing the major features of
EASM, 10 models that participated in Coupled Model Intercomparison Project/Atmospheric Model Intercomparison Project
(CMIP5/AMIP), which used observational SST and sea ice to drive AGCMs during the period 1979–2008, were evaluated
by comparing with observations and AMIP II simulations. The results indicated that the multi-model ensemble (MME) of
CMIP5/AMIP captures the main characteristics of precipitation and monsoon circulation, and shows the best skill in EASM
simulation, better than the AMIP II MME. As for the Meiyu/Changma/Baiyu rainbelt, the intensity of rainfall is underes-
timated in all the models. The biases are caused by a weak western Pacific subtropical high (WPSH) and accompanying
eastward southwesterly winds in group I models, and by a too strong and west-extended WPSH as well as westerly winds
in group II models. Considerable systematic errors exist in the simulated seasonal migration of rainfall, and the notable
northward jumps and rainfall persistence remain a challenge for all the models. However, the CMIP5/AMIP MME is skillful
in simulating the western North Pacific monsoon index (WNPMI).
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1. Introduction

The East Asian summer monsoon (EASM) is a distinc-
tive component of the Asian climate system, and character-
ized by wind reversal and heavy precipitation during summer
over East Asia (EA) (Lau and Li, 1984). The evolution and
variability of the monsoon have a big impact on human so-
ciety across the region. Therefore, better prediction of the
monsoon’s variation may greatly benefit those people inhab-
iting the region. As part of that aim, atmospheric general
circulation models (AGCMs) have been developed and ap-
plied widely in monsoon diagnostics and prediction studies
(Shukla and Fennessy, 1994; Liang et al., 1995; Webster et
al., 1998; Meehl et al., 2006; Kim et al., 2008).

The Atmospheric Model Intercomparison Project (AMIP)
is a series of coordinated international efforts to perform
global climate simulations using AGCMs. All the simula-
tions of AMIP employ the same SST, sea ice, solar con-
stant, and CO2 concentration, thus enabling intercomparison
among the GCMs that have been integrated under standard
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conditions. The AMIP-type simulations are routinely per-
formed at many climate centers in order to evaluate atmo-
spheric model performance. Among these simulations, the
predictability and variability of monsoon covering the period
1950–2000 is an active area of research (Kucharski et al.,
2009; Zhou et al., 2009b), and many such studies have been
carried out and published using AMIP I and AMIP II data
(Sperber and Palmer, 1996; Ferranti et al., 1997; Gadgil and
Sajani, 1998; Liang et al., 2001; Kang et al., 2002; Lin and
Wang, 2002; Wang et al., 2004; Wang et al., 2005; Wu and
Kirtman, 2007; Kim et al., 2008; Zhou et al., 2009a; Zhou
and Zhang, 2011).

The latest systematic intercomparison of state-of-the-art
atmospheric model components is currently being coordi-
nated under phase five of the Coupled Model Intercompari-
son Project (CMIP5), including AMIP simulations. This new
project will most notably provide a multi-model context for
examining the predictability of EASM and exploring the re-
sponse of many state-of-the-art AGCMs to observed varia-
tions in SST and sea ice during 1979–2008, related to the
latest global warming (Taylor et al., 2012, 2013). Therefore,
it is very important to evaluate the ability of these models
to reproduce the variation of EASM on seasonal to interan-
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nual scales when forced by observed variation in SST and
sea ice. It is also expected that the simulations from CMIP5
will provide a clear picture of the future development needs
of AGCMs.

In this study, the ability of current AGCMs in modeling
the climatological variations of EASM and regional rainbelts
is examined. In the intercomparison, the simulations of indi-
vidual models are analyzed. We emphasize the performance
of the models as a whole and seek to summarize the system-
atic errors that are common to a group of AGCMs in simulat-
ing the climatological variation of the EASM. Furthermore,
ensemble simulations from 11 AGCMs that participated in
AMIPII are shown to compare with the CMIP5/AMIP sim-
ulations thus helping us to understand the improvements
needed for the models.

The paper is organized as follows. A description of the
CMIP5/AMIP and AMIP II models and data is provided in
section 2 Climatic mean states of EASM are presented in
section 3, followed by seasonal migration of the EASM rain-
belt in section 4 Section 5 reports the interannual variation of
EASM, followed by the overall conclusions of the study in
the final section.

2. The CMIP5/AMIP and AMIP II models

and data

The climate modeling experiments analyzed here are
the archived CMIP5/AMIP and AMIPII simulations of
atmosphere–land–only models. These models are forced by
the observed monthly global sea ice and SST data from the
Hadley Centre for Climate Prediction for the period January
1979 to December 2008 (for simulations of AMIP II the pe-
riod is 1979–99). Table 1 summarizes the models used in
the study. Most of the CMIP5/AMIP models used here are
the new versions of AMIP II models with finer spatial reso-
lution. In the CMIP5/AMIP group, the highest atmospheric

resolution is 0.5◦ (lat) ×0.625◦ (lon) (GFDL-HIRAM-C180
and GISS-E2-R). Most models have a resolution about 1◦–
2◦ or are approximately 100–200 km in grid size. The basic
information for the models is given in Table 1 and further
detailed description of the models and experimental designs
are available online at http://cmip-pcmdi.llnl.gov/cmip5. For
each model, the analysis was performed with daily precipita-
tion as well as monthly precipitation, winds and geopotential
height data. All datasets for the models were re-gridded to be
consistent with observations before analysis.

The National Center for Atmospheric Research/Depart-
ment of Energy (NCEP/DOE) Reanalysis II data (hereafter,
NCEP2; Kanamitsu et al., 2002) and Global Precipitation
Climatology Project precipitation data (GPCP; Adler et al.,
2003) were used to validate the models. The spatial resolu-
tion of these data is 2.5◦ ×2.5◦.

3. Climatic mean states

3.1. Precipitation
The EASM domain covers the region (20◦–45◦N, 110◦–

140◦E), encompassing eastern China, Japan, Korea and the
adjacent seas (Wang and Lin, 2002). There are two rain-
belts in EA during boreal summer (June–August) based on
observation (Fig. 1). One extends from East China to the
northwestern Pacific, which is known as the subtropical
Meiyu/Changma/Baiyu rainbelt. The other is over the trop-
ical western Pacific. A relatively dry region, covered by the
western Pacific subtropical high (WPSH), emerges between
the two rainbelts. As shown in Fig. 1, GFDL-HIRAM-C180,
GISS-E2-R, HadGEM2-A, INM-CM4, MIROC5 and MRI-
CGCM3 simulate a stronger tropical rainbelt; while BNU-
ESM, CNRM-CM5, MPI-ESM-LR and NorESM1-M show
a weaker simulation of the major rainbelt over the tropics.
Note that this rainbelt is well reproduced by the multi-model
ensemble mean (MME) of CMIP5/AMIP models. However,

Table 1. Climate models whose AMIP simulations were analyzed in this study.

Model name Center/country Resolution (lat.×lon.) Reference

CMIP5 AMIPII CMIP5 AMIPII
CNRM-CM5 CNRM-CM3 CNRM/France 2.8◦ ×2.8◦ 2.8◦ ×2.8◦ Voldoire et al. (2011)
GFDL-HIRAM-C180 GFDL-CM2.1 NOAA/United States 1.4◦ ×1.4◦ 2.0◦ ×2.5◦ Zhao et al. (2009)
GISS-E2-R GISS NASA/United States 0.5◦ ×0.625◦ 4◦ ×5◦ Schmidt et al. (2006)
HadGEM2-A HadGEM1 Met Office/United Kingdom 0.5◦ ×0.625◦ 1.25◦ ×1.875◦ Collins et al. (2008)
INM-CM4 INM-CM3 INM/Russia 1.25◦ ×1.875◦ 4◦ ×5◦ Volodin et al. (2010)
MIROC5 MIROC3.2-hires University of Tokyo/ 1.5◦ ×2.0◦ 1.125◦ ×1.125◦ Watanabe et al. (2010)

NIES/MEST/Japan
MIROC3.2-medres 2.8◦ ×2.8◦

MRI-CGCM3 MRI–CGCM2 MRI/Japan 1.4◦ ×1.4◦ 2.8◦ ×2.8◦ Yukimoto et al. (2011)
MPI-ESM-LR ECHAM5 MPI/Germany 1.875◦ ×1.875◦ 1.875◦ ×1.875◦ Roeckner et al. (2003)
NorESM1-M NCC/Norway 1.125◦ ×1.56◦ Bentsen et al. (2012)
BNU-ESM BNU/China 1.875◦ ×2.5◦ Wu et al. (2013)

FGOALS1.0-g IAP/China 3.0◦ ×2.8◦ Yu et al. (2004)
CCSM3 NCAR/ United States 1.4◦ ×1.4◦ Collins et al. (2006)
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Fig. 1. Observed and simulated climatic JJA (June–August) precipitation (mm d−1) over East
Asia during 1979–2008.
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nearly all the models (including the CMIP5/AMIP MME) un-
derestimate the precipitation over the Meiyu/Changma/Baiyu
front, especially over the East China Sea. Generally, com-
pared with the simulation of the AMIPII MME, the CMIP5/
AMIP models improve the representation of tropical and sub-
tropical rainfall slightly.

A Taylor diagram is produced to evaluate the models’ in-
tegrated performance in simulating the rainfall distributions
over EA. In a Taylor diagram, the observed field is repre-
sented by a point (identified as “REF”) at unit distance from
the origin on the horizontal axis. The standard deviation of
the modeled field is the radial distance from the origin. The
centered root-mean-square error (RMSE), used to quantify
the pattern biases between simulation and observation, is the
distance to the observed point. The azimuthal position gives
the spatial correlation coefficient between the observed and
corresponding simulated fields. Note that the centered RMSE
and the modeled standard deviation have been normalized by
the observed standard deviation.

It is clear that all the models are relatively skillful in
reproducing the general patterns of precipitation over EA
(Fig. 2). However, some models perform poorly in depict-
ing the amplitude of the variation of precipitation, as might
be expected from the constraints of the AMIP experiments
(AMIP experiments lack the coupling of atmosphere and
ocean). GISS-E2-R and the CMIP5/AMIP MME show rela-
tively higher skill in simulating precipitation over EA than the
other models. Furthermore, the CMIP5/AMIP models show
better simulation skill than the AMIP II models on the whole.

Generally, the RMSE between simulations and observa-
tion can be resolved into two components: differences in the
overall means and errors in the patterns of variation. Taylor

diagrams do not provide information about overall biases, as
the means of the fields are subtracted out before computing
their second-order statistics (Taylor, 2001). Thus, the RMSE
of the original field is then adopted to measure the differences
in mean states between simulated and observed fields. Table
2 shows that the MME can be considered to provide the bet-
ter simulation of rainfall over EA than any single model The
CMIP5/AMIP MME has lower RMSE compared with that of
the AMIP II models.

3.2. Monsoon circulation
The precipitable water over EA in summer comes from

three dominant monsoon streams at low altitude according to
observation (Fig. 3). They are: (1) strong southwesterly wind
from the Indian summer monsoon; (2) West Pacific south-
westerly wind; and (3) cross-equatorial winds from 105◦
to 150◦E. In the simulations of all the CMIP5/AMIP mod-
els, the southerly component of the cross-equatorial winds
are weaker than that in observation, which leads to the in-
adequate rainfall over East China. Additionally, negative
biases of West Pacific southeasterly wind, which exist in
all the models, bring about the less precipitation over the
Meiyu/Changma/Baiyu front. The BNU-ESM, CNRM-CM5
and NorESM1-M models simulate weaker southwesterlies
over the Bay of Bengal and a resulting drier South China.
The air stream extents to the West Pacific are stronger when
simulated by GFDL-HIRAM-C180, GISS-E2-R, HadGEM2-
A, MIROC5 and MRI-CGCM3. The biases give rise to much
precipitation over South China in these five models. The dif-
ferent configurations of the Tibetan Plateau due to the dif-
ferent spatial resolutions of each model (Table 1) may be
one of the key dynamic and thermodynamic reasons leading
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Fig. 2. Taylor diagram of simulated climatic JJA (June–August) precipitation over East Asian
from CMIP5 models (red) and AMIP II models (blue).
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(a) (c)

(d) (e)

Fig. 3. Differences of simulated and observed (NCEP2) climatic JJA (June–August) horizontal wind fields (vector,
units: m s−1) and wind speed (colored shading, units: m s−1) at 850 hPa over East Asia during 1979–2008. But the last
panel represents the original observation from NCEP2 data.
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to the different biases of air streams at low levels. Com-
pared to each model, the simulated southwesterly, cross-
equatorial and southeasterly winds are all improved in the
CMIP5/AMIP MME, which is similar with the result of the
AMIP II MME, and is then next best in MPI-ESM-LR and
INM-CM4. The RMSE of wind speed and direction between
simulations and observation over the target region (10◦S–
50◦N, 60◦–150◦E) is calculated (Table 2) to objectively ana-
lyze the simulation of the monsoon air stream. MPI-ESM-LR
and the CMIP5/AMIP MME, which is superior to the AMIP
II MME, show better skill in simulating the wind field at 850
hPa.

At the upper level, the subtropical westerly jet stream
plays an essential role in dynamical aspects of EASM. The
location and intensity of the jet stream is closely related with
the Meiyu/Changma/Baiyu fronts (Tao et al., 1958; Liang and
Wang, 1998; Lau et al., 2000). As shown in Fig 4, the main
body of the westerly jet, which is located around 40◦N with
the jet core (zonal winds greater than 30 m s−1) at 90◦E in ob-
servations, is farther poleward in most CMIP5/AMIP model
simulations, and similar in the simulations of the AMIP II
models (Liang et al., 2001; Wang et al., 2011; Wang et al.,
2013). The intensity of the westerly jet is weaker in most
of the models compared with observation. This gives rise
to anomalous easterlies over 20◦–40◦N and then weakened
divergence of the South Asia High, coupled with weakened
convergence of air streams over low altitudes. These in turn
lead to drier conditions over the region extending from the
Yangtze River valley to southern Japan and wetter conditions
in southern China. The RMSE of zonal wind speed on 200
hPa between simulations and observation over (35◦S–45◦N,
110◦–150◦E) is calculated (Table 2) to objectively analyze
the simulation of the westerly jet. As can be seen, model bi-
ases of the westerly jet stream are least in the simulations by
MRI-CGCM3 and MPI-ESM. However, the AMIP II MME
shows lower RMSE than the CMIP5/AMIP MME.

In the middle and lower troposphere, the pattern, position
and strength of the WPSH greatly influence EASM precipi-
tation. Three indices are used to comprehensively compare
between simulations and observation, i.e., the intensity (Is),
northern edge (In) and westward extension (Iw) of the WPSH
(Chen et al., 2010). Is is defined as the regional average of
the grids with geopotential height (GHT) greater than 5860
gpm over the region (10◦–40◦N, 100◦–140◦E). Note that, if
the GHT of all grids over the target region is less than 5860
gpm, the regional averaged GHT is considered as Is for quan-
titative comparison. For the definition of Iw, each grid of
500-hPa GHT over the region is firstly subtracted by Is to
obtain a difference field, and then the longitude of the most
western boundary of the zero contour of this field is denoted
as Iw. The latitude of the WPSH ridge position is defined as
In, where u = 0 and ∂u/∂y > 0 are required (Li and Chou,
1998).

As shown in Fig. 5, the models fall into two distinct
groups on the basis of the spatial pattern of the WPSH.
In the simulations of group I (GFDL-HIRAM-C180, GISS-
E2-R, HadGEM2-A, INM-CM4, MRI-CGCM3 etc.), the
WPSH moves to a location east of that observed, with
small meridional span and strength. However, the WPSH
in group II models (BNU-ESM, CNRM-CM5, MPI-ESM-
LR, MIROC5, NorESM1-M etc.) is stronger and extends
markedly to the west compared to observation. The averaged
biases of Is, Iw and In were computed to provide an integrated
score of the WPSH simulations (Table 2). MPI-ESM-LR,
MIROC5, NorESM1-M and the CMIP5/AMIP MME also
show better skill in their WPSH simulations. Although the
AMIP II MME simulates more actual intensity and westward
extension of the WPSH, the large biases of the northern edge
reduce its entire skill. Although the weak rainfall is obvi-
ous in all of the models, the reasons for it are different in the
two model groups. The weak and eastward WPSH in group
I models leads to less water vapor being transported to the

Table 2. Integrated features by observations and simulations.

Model UV850 U200 WPSH Pr CPC WNPMI

Precip RMSE Speed RMSE Angle RMSE Speed RMSE Is Iw In Bias PC1 PC2 CC

(mm d−1) (m s−1) (degree) (m s−1) (hPa) (lon) (lat) (%) CC Var. CC Var.

OBS 0.0 0.0 0.0 0.0 5871.2 120 24.3 0.0 1.0 12.18 1.0 6.19 1.0
CNRM-CM5 2.37 1.88 55.00 6.13 5874.3 108 26.2 6.0 0.14 15.89 −0.54 8.97 0.47
GFDL-E2-R 3.93 1.86 46.72 3.32 5861.8 135 20.9 8.8 0.27 13.83 0.06 6.63 0.45
GISS-E2-R 3.17 1.73 39.93 4.48 5797.4 NAN 21.4 NAN 0.50 7.94 −0.17 8.82 0.44
HadGEM-A 4.11 2.05 49.74 7.83 5837.5 145 19.3 14.0 0.36 11.50 0.28 11.97 0.49
INM-CM4 2.95 1.77 80.63 9.38 5828.2 147 24.7 8.2 0.28 8.73 0.06 7.68 0.69
MIROC5 3.54 2.46 42.42 8.74 5868.6 115 25.8 3.4 0.35 12.08 0.11 20.10 0.50
MRI-CGCM3 5.07 3.40 48.81 1.84 5862.3 135 16.4 15.1 0.20 5.59 0.30 8.54 0.55
MPI-ESM-LR 1.82 1.17 28.35 2.06 5870.2 121 24.2 0.5 0.38 15.86 −0.05 10.20 0.49
NorESM1-M 1.89 1.79 60.86 7.13 5878.3 114 26.2 4.4 0.08 14.41 0.29 7.77 0.17
BNU-ESM 2.23 2.13 73.52 4.52 5880.4 110 26.3 5.6 0.09 18.91 0.12 9.79 0.46
CMIP5/AMIP MME 1.98 1.06 26.72 4.12 5863.0 132 23.4 4.7 0.45 13.17 −0.03 11.26 0.73
AMIP II MME 2.28 1.16 29.00 3.62 5867.6 115 18.6 9.2 0.77
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Fig. 4. The same as Fig. 3 but for wind at 200 hPa.
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Fig. 5. Observed and simulated climatic JJA (June–August) 500-hPa geopotential height (shading, units: gpm) and
WPSH ridge line (black line) over East Asia during 1979–2008.

Meiyu/Changma/Baiyu front; while the strong and westward
WPSH in group II models brings less precipitation because
the front is controlled by the subtropical high. As a result, the
simulation of the Meiyu/Changma/Baiyu rainbelt is largely
modulated by the WPSH. Moreover, the WPSH is modulated
by the available potential energy generated by the differential
heating between land and sea (Li and Yanai, 1996; Zhang et
al., 1997). In the AMIP experiment, uniform observed SST
is used by each model. Furthermore, tropical latent heat and
plateau sensible heating are the main thermal sources in EA.
Therefore, the systematic biases of the WPSH in the models

should be linked to the biases in heating sources. Hence, the
dynamical response to the Plateau’s warming, especially in
the downstream region, and reasonable simulation of tropical
circulation, are required to obtain more realistic simulation of
the EASM.

4. Seasonal evolution of EASM

Seasonal evolution is a typical characteristic of EASM
(Ding, 2007). To conveniently describe the precipitation
center, we define the largest precipitation axis (LPA) as
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Fig. 6. Observed and simulated climatic seasonal migration of the monsoon rainband zonallyaveraged between 110◦E and
120◦E and the largest precipitation axis (LPA) during 1979–2008. The pentad data for the observation and 5-day averages
from daily data for the model simulations are used.

the meridional (110◦–120◦E) rainfall maximum in EA be-
tween 10◦S and 45◦N. The seasonal evolution of monsoon
precipitation over 110◦–120◦E and the LPA are shown in
Fig. 6.

The LPA indicates that the monsoon rainbelt experiences
three northward jumps during boreal summer. In the period
before mid-May, southern China experiences a pre-monsoon
rainy season and after that the onset of EASM takes place at
20◦–30◦N accompanied by increased precipitation. In mid-
June, the monsoon rainbelt reaches the Yangtze River val-
ley which then experiences the Meiyu/Changma/Baiyu rainy
season. In early July, the monsoon rainbelt makes a jump to-
ward northern China and remains there for about one month.
From the end of August to early September, it then rapidly
retreats to southern China, marking the end of the EASM pe-
riod. As can be seen from Fig. 5, all of the models capture the
broad migration of the rainfall albeit with many systematic
errors (note that daily rainfall is not provided by GISS-E2-R,

and it is not convenient to handle in the HadGEM2-A model;
thus, the results of these two models are not shown). Com-
pared with observation, all of the models except for GFDL-
HIRAM-C180 and INM-CM4 are also able to capture the on-
set of EASM from prior to mid-May. However, other mi-
gration features of the rainbelt are not well simulated ex-
cept for in the BNU-ESM and NorESM1-M models. These
two models capture the notable jumps of the LPA and the
persistence of the rainbelt over EA. However, the retreat of
the rainbelt is exaggerated, moving farther south of that ob-
served. Moreover, an abnormal dry tongue in some simula-
tions located near 20◦N from April to July can be seen. The
CMIP5/AMIP MME improves the retreat of the rainbelt and
the occurrence of this dry tongue, but large biases of notable
northward jump and persistence still exist. However, com-
pared with the AMIP II MME, the CMIP5/AMIP MME sim-
ulates a more reasonable strength of rainfall as well as the
time when the northward jump occurs.
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5. Interannual variation of EASM

5.1. Modes of variability of precipitation over EA

Empirical orthogonal function (EOF) decomposition is
a method aimed at single variable fields with spatiotempo-
ral distribution. For several variable fields to be compared,
if each variable field is decomposed by the EOF method,
and then their eigenvectors and time series respectively com-
pared, it is very difficult to obtain objective results due to
the original field being decided by the eigenvector and time-
coefficient combined. Therefore, we used the common EOFs
method to analyse the interannual variability of EA precipita-
tion for all simulated and observed data. The common EOFs
analysis deals with a direct comparison of the data from all

the models and observation on a set of common eigenvectors.
The time series from simulation and observational data rep-
resent exactly the same spatial pattern. The common EOFs
method had been applied previously in analyses and compar-
isons among AOGCMs (Barnett, 1999; Benestad, 2001).

The principle of the common EOFs method is that two
or more data fields with data points on a common grid are
concatenated along the time axis, and an EOF analysis is ap-
plied to the combined dataset. The detail of the technique is
as follows:

For k variable fields Xi(s,η), i = 1,2, · · · ,k, where s de-
notes spatial points, suppose time length is T , then η =
1,2, · · · ,T , to construct a combined variable field X(s, t), t =
1,2, · · · ,kT as follows:

X(s, t) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

X1(s,η),η = 1,2, · · · ,T ; t = 1,2, · · · ,T
X2(s,η),η = 1,2, · · · ,T ; t = T +1,T +2, · · · ,2T

...
...

Xk(s,η),η = 1,2, · · · ,T ; t = (k−1)T +1,(k−1)T +2, · · · ,kT

Apply EOF to X , and get time series of length kT , com-
mon eigenvector V , and eigenvalue Λ. According to V
and the original field Xi, we can also obtain the time series
Ti = V ′Xi.

The eigenvalue Λ cannot reflect the explained variance
of the principal component of every variable field. From the
meaning of the variance explained by the eigenvalue, we de-
fine the ith variable field’s eigenvalue Λi : Λi = diag(Ci),Ci =
TiT ′

i .
Now Ti is not strictly orthogonal, but the elements outside

the diagonal of the covariance matrix Ci are relatively small,
so Ti is close to orthogonal, and there is weak pertinence be-
tween different components.

Here, we use simulated and observed precipitation in
JJA during 1979–2008 to perform common EOFs analy-
sis. The domain (0◦–50◦N, 100◦–140◦E) which includes the
closely related tropical northwest Pacific and subtropical East
Asian regions is chosen. The results indicate that the mod-
els present a basic common pattern but there is strong varia-
tion in the amplitude of the corresponding modes. As shown

Fig. 7. The leading and second common principal component (CPC) of the East Asian
summer (JJA) precipitation by each model, the MME and GPCP data. The data in the
top right corner are the common explained variances of the eigenvectors.
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in Fig. 7a, the spatial distribution of the first mode shows a
north–south dipole with decreased (or increased) precipita-
tion over the northern South China Sea and Philippine Sea
and increased (or decreased) precipitation extending from
the Yangtze River valley to the south of Japan, covering the
Meiyu/Changma/Baiyu front. The spatial distribution of the
second mode shows a tripole with wet (or dry) anomalies over
the area of 20◦–30◦N, dry (or wet) anomalies covering the
south of the South China Sea to the West Pacific, and wet (or
dry) anomalies north of 30◦N. The variances of the leading
modes are small because of the scattered pattern of rainfall.

Although the models present a basic common pattern
there is strong variation in the amplitude of the correspond-
ing modes. The observed time evolution of the leading mode
(PC1) shown in Fig. 8a indicates an obvious quasi-biennial
oscillation of summer rainfall over EA, consistent with the
frequency of drought and flood disasters in the Yangtze River
and the Huaihe River valleys (Huang et al., 2007). This is
a significant characteristic of the interannual variability of
EASM. The major peaks (1980, 1983, 1988, 1998 and 2003)
in the observation primarily occur in the summers following
the mature phases of El Niño events with above-normal rain-
fall over the Yangtze River Basin. Under these conditions, a
weak summer monsoon may be expected (National Climate
Center of China, 1998). The mechanisms responsible for this
“prolonged” impact of ENSO or a “delayed” response of the
EASM to ENSO is characterized by positive feedback be-
tween the off equatorial moist atmospheric Rossby waves and
the underlying SST anomaly in the local monsoon warm pool

region. Thus, even though the SSTA disappears during the
summer after the peak El Niño, the EASM remains to be sig-
nificantly affected by the northwest Pacific Ocean subtropical
anomalies as shown by the leading mode of the EASM (Wang
et al., 2000).

The observed temporal evolution of the second mode
(PC2; Fig. 8b) shows a large decadal component with a sharp
change in 1990–91 (Wang et al., 2008). The observed major
peaks occur in El Niño developing years (1982, 1985, 1990,
1994, 1997, 2002, and 2004) and the observed minima of
PC2 (1980, 1983, 1991, 1995, 2000) occur in La Niña con-
ditions. Thus, the second mode is primarily associated with
developing El Niño and La Niña events (Liu et al., 2008).
However, a notable interdecadal change of the EASM–ENSO
relation occurred around the late 1970s and 1990s modulated
by the climate shifts (Wu and Wang, 2002; Yim et al., 2008;
Wang et al., 2011; Ye and Lu, 2011). Before the 1977/78
climate shift and after the 1992/93 climate shift, Meiyu rain-
fall levels are above normal in most La Niña years; whereas
during the period 1979–91, Meiyu rainfall is usually below
normal levels in La Niña years (Wang et al., 2012).

As shown in Figs. 8a and 8b, each model produces var-
ious amplitudes of interannual variability of rainfall. Cor-
relation coefficients and variance are used to investigate the
simulation of leading PCs. Table 2 shows that the two PCs
simulated by most models have little similarity with those
in observations. For PC1, the ensemble of models has the
largest similarity with observation. For PC2, which is primar-
ily associated with developing ENSO events and has a large

Fig. 8. Time series of the principal components (PCs) of the (a) first and (b) second modes in Fig. 6. Panel (c) is a bar chart
showing the percent variance explained by the leading two CPCs for precipitation for each model and for observations.
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decadal component, except for MRI-CGCE3 and NorESM1-
M, the skill of other models is poor. Thus, most of the models
fail to capture the interannual variation corresponding to the
second mode of the rainfall over EA.

The leading and second modes account for about 12.5%
and 9.4% of the total variance in entire series of all simula-
tions and observation. By further investigating the explained
variances of PCs of each model to the common EOFs pattern
(Fig. 8c), we find the leading and second modes account for
about 12.2% and 6.2% of the variance in the observation, and
about 13.2% and 11.3% in MME result. However, GISS-E2-
R, HadGEM2-A, MIROC5 and MRI-CGCM3, whose RM-
SEs of climatic rainfall over EA are large, simulate larger
variances of the second mode than that of the leading mode.
Among all the CMIP5/AMIP models, NorESM1-M simu-
lates the most similar explained variances to observation.

5.2. Interannual variation of EASM circulation
EASM circulation parameters, instead of rainfall, are al-

ways used to depict the interannual variation of EASM, partly
because of the complex rainfall structure and partly due to
a preference of using large-scale winds to define the broad-
scale monsoon. To quantify the variability of EASM circu-
lation, the meridional differences of the 850-hPa zonal winds
(U850) are used to define the circulation indices (Wang and
Fan, 1999); that is

WNPMI = U850(5◦–15◦N,100◦–130◦E)−
U850(20◦–30◦N,110◦–140◦E) ,

where the regions in parentheses denote the regions over
which U850 is averaged. The traditional Chinese meaning
of a strong EASM (high index) corresponds to a deficient
Meiyu associating with its abnormal northward extension of
southerly winds over northern China.

The temporal series of WNPMI from 1979 to 2008 (the
AMIP II MME is from 1979 to 1999) are shown in Fig 9. The

interannual variation is obvious in each model with various
phases and amplitudes. Table 2 shows that although correla-
tion coefficients between most models and observation pass
the 99% significant test, half of them overestimate the ampli-
tude of EASM variation, which produces the large variance
of precipitation. The CMIP5/AMIP MME is skillful in its
simulation of WNPMI for its large correlation coefficient and
the WNPMI power spectrum (Fig 10) shows that there are
two dominant peaks in the observation—a quasi-biennial pe-
riod and a quasi-quadrennial period. These two cycles are
apparent in GFDL-HIRAM-C180, INM-CM4, NorESM1-M
and the CMIP5/AMIP MME.

6. Summary and Conclusions

To understand the skill of AGCMs in capturing ma-
jor features of EASM, 10 models that participated in the
CMIP5/AMIP, which used observational SST to drive the
AGCMs for the period 1979–2008, are evaluated by compar-
ing with observations. The results provided a clear conclu-
sion that the CMIP5/AMIP MME has the best skill in terms of
simulating EASM better in general than the AMIP II MME.
In addition, it is found that different models show varying
abilities in each aspect of EASM simulations. The main find-
ings are as follows:

Generally, compared with the AMIPII MME, the CMIP5/
AMIP MME shows improved simulation of EASM. The
CMIP5/AMIP MME captures most part of the realistic fea-
tures of precipitation, winds and geopotential height. Fur-
thermore, it is found that the simulations of the Meiyu/
Changma/Baiyu rainbelt are largely modulated by the
WPSH. In group I models (GFDL-HIRAM-C180, GISS-E2-
R, HadGEM2-A, INM-CM4, MRI-CGCM3 etc.), the Meiyu/
Changma/Baiyu front is weakly simulated by a weak WPSH
and accompanying eastward southwesterly winds. Mean-
while, in the simulations of group II models (BNU-ESM,
CNRM-CM5, MIROC5, MPI-ESM-LR, NorESM1-M etc.),

Fig. 9. Observed and simulated WNPMI from 1979 to 2008.
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Fig. 10. Observed and simulated WNPMI power spectra. In each plot, the dotted lines from top to bottom are
upper confidence bound (95%) for Markov, red noise spectrum and lower confidence bound (5%) for Markov.
The heavy lines indicate the WNPMI power spectra.

the weak fronts are caused by a too strong and west-extended
WPSH. Moreover, the subtropical upper westerly jet stream
plays an essential role in dynamical aspects of EASM. The
location and intensity of the jet stream is closely related with
the Meiyu/Changma/Baiyu fronts. WPSH is closely related
to the large-scale land-sea thermal contrasts. The systematic
biases of the WPSH in the models should be linked to the bi-
ases in heating sources. Hence, the dynamical response to the
Plateau’s warming, especially in the downstream region, and
reasonable simulation of tropical circulation, are required to

obtain more realistic simulation of the EASM.
The prominent features of seasonal migration can be cap-

tured by most of the CMIP5/AMIP models, but considerable
systematic errors exist. Most of the models cannot capture
the notable jumps and persistence of the subtropical rainbelt.
The CMIP5/AMIP MME improves the retreat of rainbelt and
presence of a dry tongue but large bias also exists.

The results of common EOF analysis of the rainfall over
EA show that ensemble of models has the most similarity
with observations for PC1. But the skill of all models except
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for MRI-CGCE3 and NorESM1-M is poor for PC2, which is
primarily associated with developing ENSO events and has
a large decadal component. Among all the CMIP5/AMIP
models, NorESM1-M simulates the most similar explained
variances to observations.

The CMIP5/AMIP MME is skillful in terms of simulat-
ing WNPMI for its large correlation coefficient. Additionally,
two dominant peaks in observations—a quasi-biennial period
and a quasi-quadrennial period—are apparent in the simula-
tions of GFDL-HIRAM-C180, INM-CM4, NorESM1-M and
the CMIP5/AMIP MME.
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