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ABSTRACT: In this study, we systematically evaluate the intra-seasonal oscillation (ISO) associated with the Asian summer
monsoon region in coupled general circulation models (GCMs) participating in the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (AR5). Results show that most of the models simulate reasonable climatological
circulation patterns in boreal summer, but insufficient precipitation over the Bay of Bengal (BOB) and western North Pacific
summer monsoon region. Most models underestimate the variance of 12–90-day ISO mode but overestimate the percent
variance of 12–90-day ISO accounting for raw precipitation anomalies. There remains a wide gap between model simulations
and observations in the simulations of eastward-propagating ISO (30–80-day), while the models perform better in the
northward propagation of the 30–80-day mode and the westward propagation of the 12–24-day mode.

In addition, mean state circulation, atmospheric internal dynamic process, air–sea interactions and model resolution have
varying degrees of impacts on the ISO simulation. The local Hadley and Walker cell biases are investigated in this study, which
might relate well with the precipitation bias in models. Within the similar background of vertical easterly shear, few models
have the capacity to simulate the equivalent barotropic vorticity to the north of the convection centre. Furthermore, many
models have difficulty in reproducing the strong air–sea interactions over the Indian Ocean and the BOB. Our results indicate
that simply improving model resolution is not an effective method to obtain more reasonable propagation characteristics of
the ISO, especially for eastward propagation. Therefore, further improving the capacity of the ISO simulation remains a great
challenge for future development of climate system models.
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1. Introduction

The Asian summer monsoon is one of the major wind sys-
tems that changes with the seasons at the global scale.
It includes three major components: the Indian monsoon
(ISM), the East Asian monsoon (EASM) and the West-
ern North Pacific monsoon (WNPSM). Previous studies
showed that the intra-seasonal oscillation (ISO) in these
regions critically influences the onset and break of Asian
summer monsoon (Yasunari, 1979, 1980; Krishnamurti
and Subrahmanyam, 1982; Chen and Chen, 1995; Wu,
2010), modulates the formation and frequency of tropi-
cal cyclones (Liebmann et al., 1994; Maloney and Hart-
mann, 2000; Huang et al., 2011), affects the occurrence
of drought and flood events in the monsoon regions (Zhu
et al., 2003; Ju and Zhao, 2005). The extreme drought and
precipitation events will definitely cause huge economic
and human loss in the East and South Asia.
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Evaluation and analysis of the monsoon ISO simula-
tion in state-of-the-art models can provide us a clue to
improve the capacity of seasonal forecast in the mon-
soon regions. Although the simulation of monsoon ISO
has improved with the development of general circulation
models (GCMs), there are still insufficiencies in ISO sim-
ulations due to the inadequate understanding of ISO mech-
anisms and impacts (Wang and Rui, 1990; Sperber et al.,
2001; Waliser et al., 2003; Lin et al., 2008; Sabeerali et al.,
2013). Waliser et al. (2003) evaluated the space–time vari-
ations of rainfall ISO and its teleconnection patterns simu-
lated in atmospheric GCMs (AGCMs) and found that ISO
patterns with somewhat northward propagation could be
reproduced by most models, but lack sufficient eastward
propagation. Lin et al. (2008) evaluated the sub-seasonal
variabilities associated with the Asian summer monsoon
in coupled models, which were prepared for the Inter-
governmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4) and results showed the domi-
nant spectral periods of 24–70-day and 12–24-day could
be captured by only 4–5 models. Sabeerali et al. (2013)
evaluated the boreal summer ISO simulated in the coupled
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models that participated in IPCC AR5 and determined that
the boreal summer ISO cannot be properly simulated by
these models.

As presented by previous studies, the capacity of ISO
simulations could be influenced by varying horizon-
tal/vertical resolution (Silvio et al., 1996; Inness et al.,
2001), employing different cumulus parameterization
schemes (Maloney and Hartmann, 2001; Grabowski,
2003; Randall et al., 2003; Hu et al., 2011) and taking
air–sea interactions into account (Kemball-Cook and
Wang, 2001; Fu et al., 2002; Fu and Wang, 2004; Hu
et al., 2015). Therefore, it is of interest to assess the sim-
ulation capacity of the monsoon ISO and further examine
the possible impact factors among the models. Building
upon the study of Sabeerali et al. (2013), the current study
also provides a comparison of background circulations,
atmospheric internal dynamics and ocean–atmosphere
interactions, which contribute to the ISO propagations,
and discusses the possible impact of model resolution
on the ISO simulation. The models, validation data and
methodology are described in Section 2. Evaluation
results are shown in Section 3. A summary and discussion
is given in the last section.

2. Models, validation data and methodology

2.1. Models and validation data

Three historical ensembles of 9-year (1997–2005) daily
mean model output derived from each IPCC AR5 coupled
model are averaged and used for this analysis. The 19 mod-
els used here are BCC-CSM1.1, BNU-ESM, CanCM4,
CanESM2, CCSM4, CNRM-CM5, CSIRO-MK3-6-0,
EC-EARTH, FGOALS-g2, FGOALS-s2, GFDL-CM3,
HadCM3, HadGEM2-CC, IPSL-CM5A-LR, MIROC4h,
MIROC-ESM-CHEM, MPI-ESM-LR, MRI-CGCM3
and NorESM1-M. Table 1 shows the model names, the
modelling groups, their horizontal and vertical resolutions
and brief descriptions of their deep convection schemes.

The validation data sets include (1) GPCP (Global Pre-
cipitation Climatology Project; Huffman et al., 2001) V2
daily precipitation data with a horizontal resolution of
1∘ × 1∘; (2) ERA (ECMWF reanalysis)-interim data with a
horizontal resolution of 1.5∘ × 1.5∘ (Dee et al., 2011). Sev-
eral variables including horizontal winds, vertical veloc-
ity and surface specific humidity in ERA-interim reanal-
ysis are used to examine the model simulation capacity
in this study; (3) NOAA optimum interpolation (OI) SST
V2 (Reynolds et al., 2002) daily data (1∘ × 1∘). For con-
sistency, all the variables in simulations and data sets used
in this study are interpolated to the same spatial resolution
(2.5∘ × 2.5∘), which cover nine summer seasons from May
to October in the period of 1997–2005.

2.2. Methodology

Mean power spectrum (Gilman et al., 1963) is used to
obtain the common periodicity by taking the average of
the individual power spectra for the nine summer seasons
(May–October) in the period of 1997–2005. To isolate the

intra-seasonal signal, the daily climatology is removed and
Lanczos bandpass filter (Duchon, 1979) is applied, which
will hereafter be referred to simply as ‘filtered data’.

The ISO over Asian summer monsoon regions
will be decomposed into three components in this
study: An eastward-propagating component and a
northward-propagating component in a period range
of 30–80 days, with a 12–24-day westward-propagating
ISO mode. The eastward component of the monsoon ISO
may be extracted using the following method (Lin et al.,
2008). First, the 9-year ensemble-mean and interpolated
daily precipitation data are averaged along the latitudes
between 5∘ and 25∘N. Then, we use the discrete Fourier
transform and the inverse space–time Fourier transform to
obtain the eastward component within 1–6 wavenumbers.
Finally, through a 30–80-day Lanczos filter, the resultant
eastward component with wavenumbers 1–6 is obtained
(hereafter called the eastward component of the monsoon
ISO). The westward counterpart (wavenumbers 1–6,
30–80-day precipitation anomaly) is isolated using the
same method as above. The methods for the 12–24-day
westward-propagating ISO mode and its eastward coun-
terpart are similar, except that the precipitation data are
averaged between 10∘ and 20∘N and the filtered period is
12–24 days.

The lead–lag correlation technique is used to evaluate
the propagation characteristics of precipitation associated
with the ISO and the air–sea relationship area-averaged
over the Indian Ocean and the Bay of Bengal (BOB). To
examine northward and eastward features separately, the
base point for calculation is chosen at 12.5∘N, 85∘E (for
northward) and 15∘N, 95∘E (for eastward). For westward
propagation, the reference point is 10∘N, 120∘E. Student’s
t-test is used to determine whether the correlation is sig-
nificant.

3. Results

3.1. Simulations

3.1.1. Mean state and ISO variance

On the one hand, observational studies indicated that
climatological convective intensity has a close rela-
tionship with the sub-seasonal variance of convection
(Wheeler and Kiladis, 1999). On the other hand, some
studies have shown the model biases of the ISO are
related to the embedding mean field (e.g. Slingo et al.,
1996; Zhang et al., 2006; Ajayamohan and Goswami,
2007). Therefore, we first evaluate the horizontal distri-
butions of seasonal mean precipitation in boreal summer
(May–October) over the monsoon regions (Figure 1).
In the observations (Figure 1(a)), a large area of rainfall
is located over the equatorial eastern Indian Ocean, the
eastern BOB, the Indo-China Peninsula and the Western
North Pacific (WNP). Sixteen of the coupled models can
simulate the peak in the BOB region (BCC-CSM1.1,
BNU-ESM, CanESM2, CCSM4, CNRM-CM5,
CSIRO-MK3-6-0, FGOALS-g2, FGOALS_s2, GFDL-

© 2017 Royal Meteorological Society Int. J. Climatol. 37 (Suppl.1): 476–496 (2017)



478 W. HU et al.

Table 1. List of models used in this study including modelling group, model resolution and convection scheme details

Model name Modelling groups Resolution Deep convection scheme/closure

BCC-CSM1.1 Beijing Climate Center (BCC), China
Meteorological Administration, China

2.8125∘ × 2.8125∘ L26 Zhang and McFarlane
(1995)/CAPE

BNU-ESM GCESS, BNU, Beijing, China 2.8125∘ × 2.8125∘ L26 Zhang and McFarlane
(1995)/CAPE

CanCM4 Canadian Centre for Climate
Modelling and Analysis, Canada

2.8125∘ × 2.7673∘ L35 Zhang and McFarlane
(1995)/CAPE

CanESM2
CCSM4 National Center for Atmospheric

Research, United States
0.9∘ × 1.25∘ L26 Zhang and McFarlane

(1995)/CAPE
CNRM-CM5 Centre National de Recherches

Météorologiques, France
1.40625∘ × 1.40625∘ L31 Bougeault (1985)/Kuo-type

CSIRO-MK3-6-0 Commonwealth Scientific and
Industrial Research Organization,
Australia

1.875∘ × 1.875∘ L18 Gregory et al.
(1997)/cloud-base buoyancy

EC-EARTH EC-EARTH consortium, ECMWF 1.125∘ × 1.125∘ L62 Fritsch and Chappell (1980);
Nordeng (1994)/CAPE

FGOALS-g2 LASG, Institute of Atmospheric
Physics, Chinese Academy of
Sciences and CESS, Tsinghua
University, China

3∘ × 2.8125∘ L26 Zhang and Mu (2005)/CAPE
change

FGOALS-s2 LASG, Institute of Atmospheric
Physics, Chinese Academy of
Sciences, China

1.6667∘ × 2.8125∘ L26 Tiedtke (1989); Nordeng
(1994)/CAPE

GFDL-CM3 NOAA Geophysical Fluid Dynamics
Laboratory, United States

2∘ × 2.5∘ L48 Moorthi and Suarez
(1992)/CAPE

HadCM3 Met Office Hadley Centre, UK 2.4658∘ × 3.75∘ L19 Gregory et al.
(1997)/cloud-base buoyancy

HadGEM2-CC Met Office Hadley Centre, UK 1.2414∘ × 1.875∘ L60 Derbyshire et al.
(2011)/adaptive detrainment

IPSL-CM5A-LR Institut Pierre Simon Laplace, Paris,
France

1.875∘ × 3.75∘ L39 Emanuel (1991)/episodic
mixing and buoyancy sorting

MIROC4h Atmosphere and Ocean Research
Institute (The University of Tokyo),
National Institute for Environmental
Studies and Japan Agency for
Marine-Earth Science and Technology,
Japan

0.5625∘ × 0.5625∘ L56 Pan and Randall (1998), Chikira
and Sugiyama (2010)/CAPE

MIROC-ESM-CHEM Japan Agency for Marine-Earth
Science and Technology, Atmosphere
and Ocean Research Institute (The
University of Tokyo) and National
Institute for Environmental Studies,
Japan

2.8125∘ × 2.8125∘ L80 Arakawa and Schubert (1974),
Emori et al. (2001)/CAPE

MPI-ESM-LR Max Planck Institute for Meteorology,
Germany

1.875∘ × 1.875∘ L47 Tiedtke (1989); Nordeng
(1994)/CAPE

MRI-CGCM3 Meteorological Research Institute,
Japan

1.125∘ × 1.125∘ L48 Tiedtke (1989)/CAPE

NorESM1-M Norwegian Climate Centre, Norway 1.875∘ × 2.5∘ L26 Zhang and McFarlane
(1995)/CAPE

CM3, HadCM3, HadGEM2-CC, IPSL-CM5A-LR,
MIROC4h, MIROC-ESM-CHEM, MPI-ESM-LR and
NorESM1-M). However, most of the models under-
estimate the precipitation intensity over the BOB and
WNPSM region, while six models (CSIRO-MK3-6-0,
FGOALS-g2, HadCM3, HadGEM2-CC, MIROC4h and
MPI-ESM-LR) overestimate the rainfall amount. This
is consistent with the result of Sabeerali et al. (2013),
which showed that almost all models cannot reproduce
the exact precipitation intensities over the ASM regions.

Furthermore, in the current study, nearly all the models
(except for HadCM3, HadGEM2-CC and MIROC4h) fail
to reproduce the northeast–southwest-tilted rain belt in
the EASM region.

Figure 2 shows the standard deviation (shading) of
12–90-day filtered precipitation anomaly and its per-
cent variance (contour) accounting for raw precipitation
anomaly for both observations and models. The maxima
of standard deviation in observations are located over the
eastern Arabian Sea, BOB and the South China Sea (SCS).
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Figure 1. Seasonal mean precipitation (mm day−1) in boreal summer (May–October) for (a) the GPCP and (b)–(t) the 19 coupled models in the
period of 1997–2005.

With the exception of BCC-CSM1.1, FGOALS-g2 and
HadGEM2-CC, which simulate a larger magnitude of vari-
ability, the other 16 models all somewhat underestimate the
peak value. Three coupled models (BNU-ESM, CCSM4
and MIROC4h) could reasonably reproduce near-realistic
magnitude and horizontal patterns of standard devia-
tion. Percent variance of 12–90-day precipitation anomaly
accounting for raw anomaly is larger than 30% in the
Arabian Sea, BOB, equatorial Indian Ocean and SCS. The
area with large percent variance is in good agreement with

the region with large standard deviation (Figure 2(a)). A
total of 16 of 19 models (except for CCSM4, CNRM-CM5
and MIROC4h) have larger percent variance than 40% in
the North Indian Ocean (NIO) or SCS or WNP.

To better compare the intensity of variance of pre-
cipitation anomaly among the models, the magnitudes
of intra-seasonal (12–90-day) variance generated by
averaging the longitudes of 60∘–100∘E and 120∘–160∘E
and the latitudes of 5∘–25∘N are shown in Figure 3.
In observations (Figure 3(a)), two peaks of variance
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Figure 2. Standard deviation (shading) of 12–90-day filtered precipitation anomaly and its percent variance accounting for raw precipitation anomaly
(contour, %) during boreal summer (May–October) for (a) observations and (b)–(t) 19 coupled models in the period of 1997–2005. Black dashed

contours represent percent variance of 30% and black solid contours represent 40%.

appear in two latitudes (15∘ and 5∘S). The sub-seasonal
variance in most of the models is smaller than that in
observations; however, two models (BCC-CSM1.1 and
FGOALS_g2) simulate a much stronger variance in the
Northern Hemisphere. Previous studies showed that the
model biases in ISO variance mostly come from inac-
curate simulations of the seasonal mean precipitation
(Sperber and Annamalai, 2008; Sabeerali et al., 2013).
Thus, the stronger variance presented in BCC-CSM1.1
and FGOALS_g2 are possibly due to the overly large

seasonal mean precipitation. Figure 3(b) shows the total
sub-seasonal variance in the WNP region, which has
only one peak in the 10∘–20∘N latitudinal zone. Two
models (BCC-CSM1.1 and HadGEM2-CC) produce
larger amplitude of ISO variance, while the ISO variance
simulated by BCC-CSM1.1 presents another incorrect
peak in the Southern Hemisphere, of which the magni-
tude is three times larger than observed. Apart from the
above models, the other models all underestimate the
variance.
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Figure 3. Meridional profile of the intra-seasonal (12–90-day) variance of precipitation anomaly averaged (a) between 60∘ and 100∘E and (b) between
120∘ and 160∘E and (c) zonal profile averaged between 5∘ and 25∘N for observations and 19 IPCC AR5 coupled models during boreal summer

(May–October) in the period of 1997–2005. Units: (mm day−1)2.

The variance along the longitudes shown by the obser-
vations displays three peaks, respectively, located at the
Arabian Sea, the BOB and SCS plus WNP (Figure 3(c)).
The variance magnitude simulated by BCC-CSM1.1 is
stronger than the observations in a vast longitude band
of 60∘–200∘E. Moreover, FGOALS_g2 (HadGEM2-CC)
shows larger variance in the BOB (SCS and WNP). The
monsoon variability simulated by other coupled models
shows similar pattern but a smaller variance value. Many
of the models cannot reproduce sufficient rainfall over
some specific regions (Figure 1). Note that simulating real-
istic seasonal mean precipitation is a necessary but not
sufficient condition for the simulation of ISO (Sperber
and Annamalai, 2008). The simulation capacity of ISO by
models does not completely depend on the correct simula-
tion of seasonal mean. Thus, it is also important to examine
ISO simulation in other ways.

3.1.2. Dominant periodicity

The ISO of the Asian summer monsoon can be described
by two dominant modes. One is a low-frequency
eastward- and northward-propagating boreal summer
ISO, which has been analysed in depth by many mete-
orologists (e.g. Kemball-Cook and Wang, 2001; Hsu
and Weng, 2001; Lawrence and Webster, 2002; Straub
and Kiladis, 2003; Jiang et al., 2004). The second mode
is westward-propagating with a quasi-biweekly period
(e.g. Krishnamurti and Ardunay, 1980; Murakami, 1980;
Lau and Lau, 1990; Hartmann et al., 1992; Kiladis and

Weickmann, 1997; Chen et al., 2000; Mao and Chan,
2005). It is necessary to evaluate the dominant periodicity
over the Asian summer monsoon region at first. Therefore,
the power spectral analysis is used to compare the domi-
nant periodicity of precipitation anomaly simulated by the
models with the observation in the regions of 5∘–25∘N,
60∘–100∘E (NIO; Figure 4) and 10∘–20∘N, 120∘–170∘E
(WNP; Figure 5). Upper confidence bound for Markov
(black dotted lines) is used to examine the significance of
95% confidence level.

For the 9-summer average, Figure 4 shows the
power spectra of the unfiltered precipitation anoma-
lies area-averaged over the NIO. It is apparent that there
is a spectral peak in the day of 40 reach 95% confi-
dence level in the observation (Figure 4(a)). There are
two significant spectral peaks within low-frequency and
quasi-biweekly periods in the simulations of five mod-
els (BNU-ESM, GFDL-CM3, MIROC-ESM-CHEM,
MRI-CGCM3 and NorESM1-M). There is a signifi-
cant peak within the period of smaller than 30 days
in 11 models (BCC-CSM1.1, CCSM4, CNRM-CM5,
CSIRO-MK3-6-0, EC-EARTH, FGOALS-s2, HadCM3,
HadGEM2-CC, IPSL-CM5A-LR, MIROC4h and
MPI-ESM-LR). However, the spectral peak in three
models (CanCM4, CanESM2 and FGOALS-g2) does not
pass the 95% confidence level.

As for the region of WNP, the observation shows
that the spectral peak occurs at approximately
20-day (Figure 5(a)). Ten models (BCC-CSM1.1,
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Figure 4. The averaged power spectra of the unfiltered precipitation area-averaged over the NIO (5∘ –25∘N, 60∘ –100∘E) for (a) GPCP and (b)–(t)
19 coupled models during boreal summer (May–October) in the period of 1997–2005. The black dotted lines represent a 95% confidence level.

CNRM-CM5, CSIRO-MK3-6-0, EC-EARTH, HadCM3,
HadGEM2-CC, MIROC4h, MPI-ESM-LR, MRI-CGCM3
and NorESM1-M) could simulate the peak within the
quasi-biweekly period similar to the observed. The signif-
icant spectral peak in four models (BNU-CSM, CCSM4,
FGOALS-s2 and GFDL-CM3) occurs around 30-day.
However, three models (FGOALS-g2, IPSL-CM5A-LR
and MIROC-ESM-CHEM) simulate the dominant periods
larger than 30 days. The spectral peaks in two models
(CanCM4 and CanESM2) are not significant.

3.1.3. Propagation characteristics

The point-based lead–lag correlation technique is used
to demonstrate more detailed characteristics of ISO prop-
agation. The meridional propagations of the 30–80-day
precipitation anomaly averaged between 70∘–100∘E with
respect to itself at 12.5∘N, 85∘E can be seen in Figure 6.

Observations in ISO propagation show the obvious
northward movement from equator to farther north and
southward movement in the Southern Hemisphere. A
total of 10 of the 19 models (BCC-CSM1.1, BNU-ESM,
CCSM4, CNRM-CM5, EC-EARTH, FGOALS_s2,
HadCM3, MIROC4h, MIROC-ESM-CHEM and MRI-
CGCM3) could briefly reproduce the northward prop-
agation. Moreover, compared with the consistently
good performance in simulating the northward propa-
gation in the Northern Hemisphere, southward-moving
signals in the Southern Hemisphere seem to be diffi-
cult to reproduce for many models except two models
(MIROC-ESM-CHEM and MRI-CGCM3).

In addition to the clear northward movement of con-
vection systems over the Asian monsoon regions in
boreal summer, another feature of 30–80 day ISO
mode is presented as ISO signals propagating eastward
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Figure 5. The averaged power spectra of the unfiltered precipitation area-averaged over the WNP (10∘ –20∘N, 120∘–170∘E) for (a) GPCP and (b)–(t)
19 coupled models during boreal summer (May–October) in the period of 1997–2005. The black dotted lines represent a 95% confidence level.

in the off-equatorial regions. The zonal propagation
features of tropical ISO averaged from 5∘ to 25∘N are
shown in Figure 7. Results show that only two models
(GFDL_CM3 and IPSL-CM5A-LR) can reproduce the
realistic propagation eastward from 40∘ to 120∘E and
westward in WNP region similar to the observations.
Other models still have difficulties in simulating a rea-
sonable propagation along the off-equatorial latitudes.
Among these models, differences in biases of propagation
characteristics are existed. Eleven models (BCC-CSM1.1,
CanCM4, CanESM2, CNRM-CM5, CSIRO-MK3-6-0,
FGOALS-g2, HadCM3, HadGEM2-CC, MIROC4h,
MPI-ESM-LR and MRI-CGCM3) present nearly station-
ary convection anomalies in the NIO. Nevertheless, six
models (BNU-ESM, CCSM4, EC-EARTH, FGOALS-s2,
MIROC-ESM-CHEM and NorESM1-M) show obvious
westward propagation of convection anomalies in the
NIO, SCS and WNP.

Figure 8 compares the characteristics in westward
propagations of the 12–24-day ISO mode averaged
between 10∘ and 20∘N simulated in the models with
the observed. In the observations, there is an obvious
westward propagation from 130∘ to 110∘E (Figure 8(a)).
A total of 12 of 19 models (BNU-CSM, CanCM4,
CanESM2, CCSM4, CNRM-CM5, EC-EARTH,
FGOALS-s2, HadCM3, MIROC4h, MIROC-ESM-
CHEM, MPI-ESM-LR and NorESM1-M) could briefly
capture the westward-propagation feature in the WNP sim-
ilar to the observed. However, three models (CSIRO-MK3-
6-0, GFDL-CM3 and IPSL-CM5A-LR) present nearly
stationary or eastward propagation around 120∘E. Three
models (BCC-CSM1.1, FGOALS-g2 and MRI-CGCM3)
only show the westward propagation to the west of
120∘E.

In the following parts, we discuss the simulation capabil-
ities according to three aspects: low-frequency northward
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Figure 6. Meridional propagations of the 30–80-day ISO mode along the longitudes between 70∘ and 100∘E for (a) observations and (b)–(t) 19
IPCC AR5 coupled models during boreal summer (May–October) in the period of 1997–2005 derived from GPCP and model precipitation. The
calculation method is point-based lead–lag correlation analysis with reference to the point at 12.5∘N, 85∘E. The gridded areas are the regions above

95% in the significance tests.
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Figure 7. Zonal propagations of the 30–80-day ISO mode along the latitudes between 5∘ and 25∘N for (a) observations and (b)–(t) 19 IPCC AR5
coupled models during boreal summer (May–October) in the period of 1997–2005 derived from GPCP and model precipitation. The calculation
method is point-based lead–lag correlation analysis with reference to the point at 15∘N, 95∘E. The gridded areas are the regions above 95% in the

significance tests.

© 2017 Royal Meteorological Society Int. J. Climatol. 37 (Suppl.1): 476–496 (2017)



486 W. HU et al.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s) (t)

Figure 8. Zonal propagations of the 12–24-day ISO mode along the latitudes between 10∘ and 20∘N for (a) observations and (b)–(t) 19 IPCC AR5
coupled models during boreal summer (May–October) in the period of 1997–2005 derived from GPCP and model precipitation. The calculation
method is point-based lead–lag correlation analysis with reference to the point at 10∘N, 120∘E. The gridded areas are the regions above 95% in the

significance tests.

propagation, low-frequency eastward propagation and
high-frequency westward propagation. First, the variance
of ISO eastward component is analysed, removing the
variance contribution of westward component as intro-
duced in Section 2. Figure 9(a) presents the variance of

ISO eastward component (30–80 day) averaged between
5∘ and 25∘N. Observations show that the peak of variance
over the BOB reach to approximately 0.25 (mm day−1)2

and all models except BCC-CSM1.1 underestimate the
value. However, the maxima of variance simulated by
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Figure 9. (a) Variance of the eastward-propagating 30–80-day ISO mode averaged between 5∘ and 25∘N for the observations and 19 models during
boreal summer (May–October) in the period of 1997–2005 derived from GPCP and model precipitation. Units: (mm day−1)2; (b) ratio of the
variance of the eastward mode and the variance of westward counterpart (both are 30–80-day mode) for observations and 19 models, area averaged

over 5–25∘N and 60–120∘E.
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Figure 10. (a) Variance of the westward-propagating 12–24-day ISO mode averaged between 10∘ and 20∘N for the observations and 19 models. Units:
(mm day−1)2; (b) ratio of the variance of the westward mode and the variance of eastward counterpart (both are 12–24-day mode) for observations
and 19 models during boreal summer (May–October) in the period of 1997–2005 derived from GPCP and model precipitation, area averaged over

10–20∘N and 120–170∘E.
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Figure 11. Seasonal (May–October) mean Hadley circulation averaged over 70∘ –90∘E for (a) observations and (b–p) 15 coupled models in the
period of 1997–2005 derived from ERA-interim reanalysis and model data. Vertical velocity (shading) is multiplied by the ratio of meridional wind

divide vertical velocity. Units: omega (Pa s−1); meridional wind (m s−1).

nine models (BCC-CSM1.1, CCSM4, CSIRO-Mk3-6-0,
EC-EARTH, FGOALS-g2, FGOALS-s2, HadCM3,
IPSL-CM5A-LR and MRI-CGCM3) are located over the
SCS or the WNP.

Furthermore, another important method for evaluat-
ing the eastward component is the ratio between the
variance of the eastward-propagating ISO and that of
its westward counterpart (westward wavenumber 1–6,
30–80-day mode), which was used by Lin et al. (2008)
to evaluate the sub-seasonal variability associated with
Asian summer monsoon simulated by IPCC AR4 coupled

GCMs. Figure 9(b) shows the ratio area-averaged over
5∘–25∘N and 60∘–120∘E. Observational results display
that the eastward variance is about 2.4 times the westward
variance. Of the 19 models, ten models (BCC-CSM1.1,
CanESM2, CNRM-CM5, CSIRO-MK3-6-0, GFDL-CM3,
HadCM3, HadGEM2-CC, IPSL-CM5A-LR, MPI-ESM-
LR and MRI-CGCM3) show that the eastward propaga-
tion is dominant and simulate a more realistic ratio than
the other models.

We further evaluate the westward propagations of
the 12–24-day ISO mode. Figure 10(a) shows the
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Figure 12. Seasonal (May–October) mean Walker circulation averaged over 10∘S–10∘N for (a) observations and (b–p) 15 coupled models in the
period of 1997–2005 derived from ERA-interim reanalysis and model data. Here, vertical velocity (shading) is multiplied by the ratio of meridional

wind divide vertical velocity. Units: omega (Pa s−1); zonal wind (m s−1).

10∘–20∘N averaged variance of the westward-propagating
12–24-day ISO mode. The maximum of the observed
variance (up to 0.43 (mm day−1)2) locates over the WNP.
The variances in three models (BCC-CSM1.1, BNU-ESM
and HadGEM2-CC) are larger and only the maximum
of HadGEM2-CC is located in the WNP as observed.
Moreover, other models present small variance values
of westward-propagating ISO or indicate an incorrect
maximum region (over Indian Ocean).

During the 12–24-day period, the ratio between the
variance of the westward and eastward counterpart area
averaged over 10∘–20∘N and 120∘–170∘E is determined
(Figure 10(b)). In the observations, the westward com-
ponent is approximately two times that of the eastward

component. Almost all the models (except BCC-CSM1.1,
FGOALS_g2 and MRI-CGCM3) simulate ratios larger
than one, which indicates that the westward component
is dominant, and indicates a substantially larger ratio than
observed.

3.2. Evaluations of possible factors in ISO simulation

3.2.1. Hadley and Walker circulation

Sikka and Gadgil (1980) pointed out that the simu-
lated ISO with a period similar to that of the observed is
related to an interaction between organized convection and
large-scale Hadley circulation. An unrealistic local Hadley
or Walker circulation affects the simulation of vertical
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Figure 13. Seasonal (May–October) mean meridional distribution of
(a) rainfall (mm day−1; GPCP and model precipitation), vertical
shear (u200–u850, m s−1) and specific humidity (g kg−1) at 1000 h Pa
(ERA-interim reanalysis and model data) averaged over the longitudinal
band 70∘ –90∘E for nine model simulations compared with OBS (black

solid curve) in the period of 1997–2005.

motion, which will cause model biases of intra-seasonal
rainfall (Goswami, 2005; Wang et al., 2006; Goswami
et al., 2014). Thus, further analysis in model biases of
the seasonal mean Hadley or Walker circulation are
still needed to evaluate. The simulated May–October
regional Hadley circulation (Figure 11; averaged over
70∘–90∘E) and the Walker circulation (Figure 12; aver-
aged over 10∘S–10∘N) for 15 coupled models are
compared with the ERA-interim reanalysis. Figure 11(a)
shows that there are two ascending branches over the
Indian sub-continent and south of the equator in the
ERA-interim reanalysis, while a strong subsidence exists
further south to the equator (approximately to the south
of 10∘S). Nearly all the coupled models are able to sim-
ulate the descending branch in the Southern Hemisphere
(Figures 11(b)–(p)). However, model biases are still
existed, which can be summarized as follows: First, the
excessive upward motions over the Indian sub-continent
simulated by BCC-CSM1.1, CCSM4, FGOALS-g2,
FGOALS-s2, MIROC4h, MIROC-ESM-CHEM and
MPI-ESM-LR are in agreement with the precipitation

pattern in Figure 1; second, the missing ascending
branch over the latitude band 10∘S–0∘ is simulated by
BCC-CSM1.1, CSIRO-MK3-6-0, HadCM3, MIROC4h
and MRI-CGCM3; third, some models (CSIRO-MK3-6-0,
IPSL-CM5A-LR and MRI-CGCM3) simulate an inad-
equate ascending motion over the monsoon region.
Goswami et al. (2014) showed that the local Hadley cell
bias relates well with the model biases of moisture con-
vergence, which will cause a local dry/wet bias in models.
Thus, the model biases summarized above may result in
the error of moisture convergence, which may be related
to the migration of convection anomalies.

In addition, Figure 12a shows the maxima of upward
motion of seasonal mean Walker circulation in the
ERA-interim reanalysis are located over two longitude
bands (80∘–100∘E and 140∘–170∘E). Almost all the
models somewhat reproduce the ascending branch over
the Great Warm Pool. However, six models (CanESM2,
CCSM4, FGOALS-g2, FGOALS-s2, MIROC4h and
MIROC-ESM-CHEM) exaggerate the upward motions to
the west of 80∘E along the latitude band of 10∘S–10∘N,
which results in good agreement with the in situ overly
large precipitation (Figures 12(c), (d), (g), (h), (l), (m)
.vs Figures 1(e), (f), (j), (k), (p), (q)). The entire models
underestimate the ascending motion which occurs near
160∘E presented by the ERA-interim reanalysis. The
evaluations of seasonal mean Hadley and Walker circu-
lations provide a background statement that is connected
to the precipitation biases and its intra-seasonal vari-
ability (Sikka and Gadgil, 1980; Goswami, 2005; Wang
et al., 2006; Goswami et al., 2014). In the next section,
we undertake more detailed evaluations with respect to
atmospheric internal dynamics and air–sea interactions.

3.2.2. Atmospheric internal dynamics

Jiang et al. (2004) stated that the vertical easterly shear of
the mean flow contributes to the northward shift of the con-
vective heating. Figure 13 shows the meridional variation
of the climatological rainfall (mm day−1, Figure 13(a)),
vertical easterly shear (m s−1, Figure 13(b)) and specific
humidity at 1000 h Pa (g kg−1, Figure 13(c)) averaged
over the longitudinal band of 70∘–90∘E for the model
simulations compared with the GPCP and ERA-interim
reanalysis. From results of GPCP, the two peaks of sea-
sonal mean rainfall in boreal summer are located over the
latitude bands 10∘S–0∘ and to the north of 20∘N. Most of
the models simulate stronger precipitation near the equator
but relatively little rainfall to the north of 20∘N. It is evident
that all of the nine models (BCC-CSM1.1, CNRM-CM5,
CSIRO-MK3-6-0, FGOALS-g2, FGOALS-s2, GFDL_
CM3, IPSL-CM5A-LR, MIROC-ESM-CHEM and MRI-
CGCM3) could capture the meridional variation of the
vertical easterly shear (Figure 13(b)). The greatest dif-
ference in the seasonal mean surface moisture conditions
compared with ERA-interim reanalysis is the lower mag-
nitude of specific humidity to the north of 20∘N. The
insufficient supply of moisture may be associated with
the reduced amount of precipitation over the land region.
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(a)

(c) (d)

(e) (f)
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Figure 14. Meridional–vertical structures of vorticity (106 s−1) derived from ERA-interim reanalysis and model data for seven coupled models
(a–h) with respect to rainfall maxima (GPCP and model precipitation) on the ISO timescales during boreal summer (May–October) in the period
of 1997–2005. The horizontal axis is the meridional distance (∘lat) with respect to the convection centre. A positive (negative) value means to the

north (south) of the convection centre. The vertical axis is the pressure (h Pa).
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However, many models with comparable vertical shear
and moisture conditions have a large discrepancy in the
northward propagation of the ISO (Figure 6).

Jiang et al. (2004) proposed that a positive vorticity per-
turbation with an equivalent barotropic structure appears
a few latitude degrees north of the convection centre in
the presence of vertical shear of the mean flow. Figure 14
shows the meridional–vertical structures of 30–80-day fil-
tered vorticity simulated by seven of the coupled mod-
els. The horizontal axis represents the latitude distance
with respect to the convection centre. Only two mod-
els (BCC-CSM1.1 and FGOALS-s2) could simulate the
more accurate vertical structure of vorticity (an equiva-
lent barotropic vorticity that occurs to the north of the
convection centre). However, other models with a similar
background of vertical shear produce different simulations
of vorticity. Other factors may be related to the failure
of reproducing the barotropic vorticity to the convec-
tion centre’s north. Therefore, the mechanisms behind the
northward-propagating ISO that represent the impact of
atmospheric internal dynamics need to be further studied.

3.2.3. Role of air–sea interaction

Although some studies suggest that an AGCM is sufficient
to produce the northward-propagating ISO based on the
atmospheric internal dynamics, inclusion of coupling pro-
cesses may further improve the simulation accuracy (Jiang
et al., 2004; Fu et al., 2002; Fu and Wang, 2004). Here,
we use the lead–lag correlation method to demonstrate
the representations of air–sea interactions simulated by
coupled models. Figure 15 shows the lead–lag correla-
tions between intra-seasonal precipitation and sea surface
temperature (SST) over two regions (Indian Ocean and
the BOB). The results of GPCP and OISST show that the
positive SST leads (lags) the positive (negative) precipita-
tion by about 2–3 pentads, with a correlation coefficient
of 0.3/0.5 (−0.3/−0.5), which passes the 95% confidence
level. This indicates the main air–sea coupling process:
The increasing rainfall induced by positive SST in turn
decreases SST and restrains further development of con-
vection. The phase relationship between SST and precipi-
tation over the Indian Ocean simulated by FGOALS-s2 and
HadGEM2-CC is consistent with the observations. Other
models show inaccurate air–sea interactive signals. Fur-
thermore, FGOALS-s2 simulates a more realistic phase
relationship over the BOB. The accurate representation
of vertical structure to the north of the convection centre
(Figure 14) and the relationship between SST and pre-
cipitation simulated by FGOALS-s2 both contribute to
the near-realistic simulation of the northward-propagating
ISO (Figure 6).

3.3. Multi-model ensemble

The multi-model ensemble (MME) not only represents the
mean level of global models, but also allows us to investi-
gate the influences of common factors in models (Weigel
et al., 2008; Annan and Hargreaves, 2011). Anstey et al.
(2013) detected the role of resolution in the simulations of
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Figure 15. Lead–lag relationship between area-averaged 30− 80-day
filtered pentad rainfall (GPCP and model precipitation) with local
sea surface temperature (OISST and model surface temperature),
using model outputs and observational data during boreal summer
(May–October) in the period of 1997–2005. The areas are over (a)
the Indian Ocean (5∘ –10∘N, 80∘–90∘E) and (b) the Bay of Bengal
(10∘ –15∘N, 85∘–90∘E). Red dashed lines represent 95% significance.

Northern Hemisphere winter blocking by distinguishing
the CMIP5 models into four types with fine and coarse
horizontal/vertical resolution. In the present study, we
select adaptive models to evaluate the ensemble means
of standard deviation, meridional and zonal propagation
according to the four criteria described in Table 2. In
brief, the ensembles are sorted on the basis of determining
standards as follows: high spatial resolution (hereafter
HSR; higher than 1.5∘ × 1.5∘), low spatial resolution
models (LSR; lower than 2∘ × 2∘), high vertical re-
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Table 2. Model ensembles based on four resolution criteria.

High spatial resolution (<1.5∘ × 1.5∘) CCSM4, CNRM-CM5, EC-EARTH, MIROC4h, MRI-CGCM3
Low spatial resolution (>2∘ × 2∘) CanCM4, CanESM2, FGOALS-g2, FGOALS-s2, GFDL-CM3, HadCM3,

MIROC-ESM-CHEM, NorESM1-M
High vertical resolution (>L50) EC-EARTH, MIROC4h, MIROC-ESM-CHEM
Low vertical resolution (<L30) CCSM4, CSIRO-MK3-6-0, FGOALS-g2, FGOALS-s2, HadCM3, NorESM1-M

solution (HVR; more than 50 layers) and low vertical
resolution (LVR; less than 30 layers).

Figure 16 shows the spatial distributions of stan-
dard deviation (Figures 16(a)–(d)), meridional
(Figures 16(e)–(h)) and zonal (Figures 16(i)–(l))
propagations of 30–80-day ISO mode, zonal propagation
of 12–24-day ISO mode (Figures 16(m)–(p)) derived
from the MME mean according to the four criteria men-
tioned above. The corresponding observations are given
in Figures 2(a), 6(a), 7(a) and 8(a). First, the pattern of
standard deviation and percent variance presented by
MME mean of HSR is closer to the observed than that
of LSR(Figure 16(a) vs Figure 2(a)), which implies that
improving the horizontal resolution may be associated
with accurate simulation of the variance distribution in
models. However, there is no distinct difference in pattern
of standard deviation and percent variance between HVR
and LVR (Figures 16(c) and (d)), which has stronger per-
cent variance in the BOB and SCS than in the observed.
This probably indicates that more accurate vertical divi-
sions do not represent more reliable simulations of the
ISO variance, which might be confined by other fac-
tors (such as cumulus schemes). Second, most of the
coupled models can simulate the northward-propagating
signals of 30–80-day ISO mode over the Asian summer
monsoon region relatively well regardless of the horizon-
tal/vertical resolution (Figures 16(e)–(h) vs Figure 6(a)).
Third, improving horizontal or vertical resolution does
not play a significant role in simulating the eastward
propagation features of 30–60-day ISO mode in the
off-equatorial regions (Figures 16(i)–(l) vs Figure 7(a)).
Two models (GFDL_CM3 and IPSL-CM5A-LR) are
able to capture relatively accurate characteristics of
eastward propagation (Section 3.1) and these belong to
the LSR and LVR categories. Fourth, models in all the
categories could simulate the westward propagation of
12–24-day ISO mode in the WNP (Figures 16(m)–(p) vs
Figure 8(a)).

Next, we evaluate the ratio between the eastward and
westward variance in 30–80-day ISO mode and the ratio
between the variance of westward 12–24-day mode and
that of its eastward counterpart derived from MME mean
according to the four criteria (Figure 17, averaged area
selection is the same as in Figures 9 and 10). Figure 17(a)
shows the ratio of eastward to westward components of
30–80-day ISO mode is smaller than 1 in all of four cat-
egories, whereas the ratio of the observation is approxi-
mately 2.25. The ratio by HVR models is the smallest. The
ratio of westward to eastward components of 12–24-day
ISO mode is given in Figure 17(b). The value of HSR,

LSR and LVR is very close to the observed, approximately
2. However, the value of HVR is about two times that
in the observed. Therefore, it may indicate that increas-
ing the vertical resolution is not helpful to simulate east-
ward propagation of 30–80-day ISO mode and has a risk
in overestimate the variance of westward component of
12–24-day ISO mode.

4. Summary and discussion

The intra-seasonal oscillation associated with Asian sum-
mer monsoon simulated by IPCC AR5 coupled models are
evaluated systematically and results show that the mod-
els display a wide range of different simulation capacities.
During the boreal summer, a reasonable pattern of seasonal
mean rainfall over the ISM region could be reproduced
by most of the IPCC AR5 climate models. However,
most of models simulate insufficient precipitation over
the BOB and WNPSM region and fail to produce the
northeast–southwest-tilted rain belt in the EASM region.
Most of the models underestimate the standard deviation
of 12–90-day ISO mode over the eastern Arabian Sea,
BOB and SCS, whereas most of the models overestimate
the percent variance of 12–90-day ISO accounting for raw
precipitation anomalies which is larger than 40% in the
above areas.

The 9-summer average power spectra of the unfil-
tered precipitation anomalies derived from GPCP show
spectral peaks in 40-day and 20-day over the NIO and
WNP, respectively. As for model simulations, five mod-
els (BNU-ESM, GFDL-CM3, MIROC-ESM-CHEM,
MRI-CGCM3 and NorESM1-M) could simulate
two significant spectral peaks within low-frequency
and quasi-biweekly periods in the NIO. Ten mod-
els (BCC-CSM1.1, CNRM-CM5, CSIRO-MK3-6-0,
EC-EARTH, HadCM3, HadGEM2-CC, MIROC4h,
MPI-ESM-LR, MRI-CGCM3 and NorESM1-M) could
simulate the peak within the quasi-biweekly period similar
to the observed in the WNP.

The characteristics of ISO propagation are exam-
ined by the point-based lead–lag correlation technique.
Results show that there remains a wide gap between
model simulations and observations in the simulations
of eastward-propagating ISO (30–80-day) (Figure 7).
Only two models could capture the features moving east-
ward from 40∘ to 120∘E and westward in WNP region.
Nevertheless, most of models could briefly capture the
features of both northward propagation of 30–80-day
mode (Figure 6) and westward propagation of 12–24-day
mode (Figure 8).
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Figure 16. Spatial distributions of standard deviation and percent variance, lag-latitude and lag-longitude cross-sections derived from multi-model
ensemble (MME) mean according to four criteria: (a), (e), (i) and (m) high spatial resolution (HSR; <1.5∘ × 1.5∘), (b), (f), (j) and (n) low spatial
resolution (LSR; >2∘ × 2∘), (c), (g), (k) and (o) high vertical resolution (HVR; >L50) and (d), (h), (l) and (p) low vertical resolution (LVR; <L30)
during boreal summer (May–October) in the period of 1997–2005. The corresponding results from GPCP and ERA-interim reanalysis are given in

Figures 2(a), 6(a), 7(a) and 8(a).

Based on the mechanisms proposed by previous studies,
we compare the possible factors (background circulation,
atmospheric internal dynamics and ocean–atmosphere
interaction) that may contribute to the propagation of the
ISO. The local Hadley and Walker cell bias relates well
with the model biases of moisture convergence, which will
cause a local precipitation bias in models (Wang et al.,
2006; Goswami et al., 2014). The coupled models are able
to reproduce the descending branch in the Southern Hemi-
sphere of Hadley circulation rather than the ascending
branches near the equator and over the monsoon region
(Figure 11). Almost all the models simulate the ascending
branch over the Great Warm Pool. However, some models
exaggerate the upward motions to the west of 80∘E along
the latitude band of 10∘S–10∘N. Within the similar back-
ground of vertical easterly shear (Figure 13(b)), few mod-
els have the capacity to simulate the equivalent barotropic
vorticity to the north of the convection centre. Over the
Indian Ocean and the BOB, the strong air–sea interac-
tion is difficult to reproduce for many models. However,
for FGOALS-s2, the combination of proper simulations of
atmospheric internal dynamics and relationship between
SST and precipitation may be related to a reasonable repro-
duction of the northward-propagating ISO.

Furthermore, the possible influences of horizontal and
vertical resolution on the ISO associated with Asian sum-
mer monsoon are examined by distinguishing the CMIP5
models into higher and lower horizontal/vertical resolu-
tion. Simply improving model resolution could not be con-
sidered an effective way to obtain more accurate or clear
propagation characteristics of ISO, especially for eastward
propagation. This approach may combine with the selec-
tion and improvement of physical schemes to improve the
simulation capacity. Nevertheless, we found that increas-
ing spatial resolution substantially improves the capability
of models to simulate spatial distribution of variance in
boreal summer.

The vertical structure of mean flow in boreal summer
(vertical easterly shear) is considered to be a vital factor
in inducing the northward propagation of the convection
centre (Jiang et al., 2004). However, the analyses above
demonstrate that in the model simulations, the excellent
performance of simulating the vertical easterly shear is not
enough to produce the northward propagation. Other ele-
ments (cumulus parameterization, air–sea coupling pro-
cesses, etc.) are likely to play an important role in ISO
simulation. As shown in Figures 11 and 12, the model
biases in simulating the ascending branches of Hadley and
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(a)

(b)

Figure 17. (a) The ratio between the variance of eastward-propagating
ISO and that of its westward counterpart (30–80-day ISO mode) and (b)
the ratio between the variance of westward 12–24-day mode and that
of its eastward counterpart derived from the MME mean according to
the four resolution criteria during boreal summer (May–October) in the

period of 1997–2005 derived from GPCP and model precipitation.

Walker circulation may be related to the poor representa-
tions of moisture conditions and convection development.
Furthermore, although air–sea interaction is contained in
all the models, most of the models present an incorrect
simulation of phase relationship between precipitation and
SST. For applications other than simply solving the prob-
lems of variable exchange between ocean and atmosphere,
increasing coupling frequency is necessary for reasonable
simulation, because most coupled models only exchange
air–sea fluxes once every 24 h. Hu et al. (2015) pointed out
if the model adopts more frequent coupling (10 min), it is
more capable of producing the eastward-propagating ISO
associated with the Asian summer monsoon. This suggests
that air–sea interaction may be the most essential fac-
tor with respect to the eastward-propagating component,
which explains why models have such a poor capacity to
simulate the eastward propagation of the ISO. Moreover,
Lee et al. (2013) proposed two real-time indices of ISO in
boreal summer, which can be used to evaluate models in
another way. We will utilize them to examine ISO simula-
tion capacities in the future study.
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