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ABSTRACT

The boreal summer intraseasonal oscillation (BSISO) is simulated by the Climate System Model (CSM) developed
at the Chinese Academy of Meteorological Sciences (CAMS), China Meteorological Administration. Firstly, the res-
ults indicate that this new model is able to reasonably simulate the annual cycle and seasonal mean of the precipita-
tion, as well as the vertical shear of large-scale zonal wind in the tropics. The model also reproduces the eastward and
northward propagating oscillation signals similar to those found in observations. The simulation of BSISO is gener-
ally in agreement with the observations in terms of variance center, periodicity, and propagation, with the exception
that the magnitude of BSISO anomalous convections are underestimated during both its eastward propagation along
the equator and its northward propagation over the Asian—Pacific summer monsoon region. Our preliminary evalu-
ation of the simulated BSISO by CAMS-CSM suggests that this new model has the capability, to a certain extent, to
capture the BSISO features, including its propagation zonally along the equator and meridionally over the Asian
monsoon region.
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1. Introduction

The dominant mode of the intraseasonal atmospheric
circulation and convective precipitation in the tropics in
boreal winter is the Madden—Julian oscillation (MJO;
Madden and Julian, 1971, 1972) and that in boreal sum-
mer is the intraseasonal oscillation (ISO; Yasunari, 1979;
Lau and Chan, 1986; Wang and Rui, 1990). These two
phenomena are featured with eastward/northward pro-
pagation of convection and precipitation across the
equatorial Indian and western/central Pacific oceans. The
boreal summer ISO (BSISO) is more complicated com-
pared to the MJO in terms of the activity center, fre-
quency, and propagation (see review papers of the
MJO/BSISO in Lau and Waliser, 2005; Zhang, 2005;
Lee et al., 2013; Li, 2014; Li et al., 2014).

Currently, more attention is paid to the performance of
numerical models in simulating the atmospheric intra-
seasonal variability. Accurate modeling and prediction of
the MJO/BSISO may help improve the climate predic-
tion on seasonal-to-interannual timescales, and bridge the
gap between weather forecast and seasonal prediction
(Waliser et al., 2003a; Zhang, 2013; Ren et al., 2016; Li
W. et al., 2018). Unfortunately, most general circulation
models (GCMs) have great difficulty in simulating the
propagation characteristics of the tropical intraseasonal
oscillation correctly during the last decades (Slingo et al.,
1996; Wu et al., 2002, Waliser et al., 2003b). Although
there is a notable improvement in simulating the
MIJO/BSISO in recent studies, the MJO simulation is still
a big challenge in the current state-of-the-art GCMs. As
such, a global model evaluation project on vertical struc-
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ture and physical processes of the MJO was carried out
(Jiang et al., 2015), with the goal to reduce the deficien-
cies in representing the MJO in GCMs. Based on the cli-
mate simulations of this project, Jiang et al. (2015) con-
cluded that the systematic MJO eastward propagation is
only reasonably simulated in roughly 8 out of total 27
GCM simulations. In the BSISO evaluation, which is
also based on the results from the climate simulation of
the global circulation multi-model project, Neena et al.
(2017) demonstrated that many of the GCMs, which are
able to capture BSISO eastward propagation, also show
good fidelity in simulating BSISO northward propaga-
tion. However, the simulation of the physical process of
vertical structure associated with the northward propagat-
ing BSISO remains challenging. Hsu and Li (2012) em-
phasized the importance of the zonal asymmetry of
boundary layer perturbation moisture in favoring the
eastward-propagation of MJO. The vertical moist static
energy (MSE) plays a critical role in driving the east-
ward propagation of the wintertime MJO (Wang L. et al.,
2017, 2018). Wang and Lee (2017) proposed that the
cause of diverse zonal propagation of MJO in the GCMs
may be attributed to the intrinsic linkage between MJO
propagation and structural asymmetry in the interactions
among convective heating, moisture, equatorial wave,
and boundary layer dynamics.

The simulation of MJO/BSISO is sensitive to the mo-
del convective parameterization choice (Slingo et al.,
1996; Wang and Schlesinger, 1999; Jia et al., 2010; Ling
et al., 2013). Previous modeling studies have shown that
the air—sea coupled models can reproduce more realistic
atmospheric intraseasonal oscillation compared to the at-
mosphere-only model (Fu and Wang, 2004; Lin et al.,
2011). The role of air—sea interaction on the ISO is well
demonstrated in some theoretical models (Wang and Xie,
1998; Liu and Wang, 2013; Jiang et al., 2015). Flatau et
al. (1997) formulated an empirical relationship between
wind speed and sea surface temperature (SST) tendency,
and then applied this relationship in a global circulation
model to examine the impact of SST feedback. They
concluded that the convection-generated SST gradient
plays a critical role in development of MJO and propaga-
tion of cloud cluster. Waliser et al. (1999) showed that
air—sea coupling improves the simulation of MJO when
using a GCM coupled with an ocean mixed layer. The
improvement includes increased MJO variability, a
closer match of period of oscillation with observations,
reduced eastward-propagation phase speed in the eastern
hemisphere, and an enhanced MJO signal occurring in
the December—May period.

Numerous studies of the ISO with different versions of
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the European Centre/Hamburg model (ECHAM) have
been performed. Gualdi et al. (1997) and Gualdi and
Navarra (1998) analyzed the MJO in a series of ECHAM
model experiments. They found that ECHAM3 gave a
more realistic distribution of MJO convection than
ECHAM2, suggesting that the improvement was due to a
better representation of convection in the Tiedtke con-
vective parameterization scheme. The updated version of
ECHAM shows better skill in simulating eastward
propagation of MJO and northward propagation of
BSISO (Gualdi et al., 1999; Sperber et al., 2005; Neena
etal., 2017).

In analyzing the outputs of ECHAM4 and its coupled
version with the University of Hawaii 2.5 layer interme-
diate ocean model, Kemball-Cook et al. (2002) showed
that upon coupling, pronounced northward propagation
of convection and circulation anomalies appear as in the
observations in May—June over the Indian Ocean. The
improvement is attributed to the increased low-level con-
vergence into the positive SST anomaly ahead of the
convective anomaly. The coupled modeling study by Fu
and Wang (2004) further demonstrated that the air—sea
interaction significantly enhances the northward propaga-
tion of ISO compared to the atmosphere-only runs. They
pointed out that the coupled and atmosphere-only runs
are fundamentally different in simulating the BSISO. In
the uncoupled run, the convection and SST anomalies are
nearly in phase, while in the coupled run the convection
and SST have structures similar to the observations. The
observed positive SST anomaly ahead of the convection
enhances the northward propagation of the ISO. The pro-
cesses by which the SST anomalies organize convection
may include destabilization of the moist Rossby waves or
local adjustment of the atmospheric convection to the
SST anomalies [see Wang (2005) for a review about the
effects of air—sea coupling on the BSISO].

In addition to the impact of the atmosphere—ocean in-
teraction on enhancing MJO or BSISO, a realistic simu-
lation of the mean state in the coupled model appears to
be necessary (Hendon, 2000; Fu and Wang, 2001; Kem-
ball-Cook et al., 2002; Sperber et al., 2005; Benedict et
al., 2014). Inness et al. (2003) demonstrated that even in
the presence of air—sea interaction, a well-simulated ba-
sic state is crucial for the ISO simulation.

Recently, a new coupled climate system model (CSM)
has been developed at the Chinese Academy of Meteoro-
logical Sciences (CAMS) by employing several start-of-
the-art model components. This newly developed coupled
model has demonstrated its ability to capture some prom-
inent modes of climate variability, such as winter MJO,
the El Nifilo—Southern Oscillation (ENSO), East Asian
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summer monsoon (EASM), and the Pacific Decadal Os-
cillation (PDO) (Rong et al., 2018). The model also dis-
plays a promising capability in simulating the EASM
variability and the ENSO-EASM relationship (Rong et
al., 2018). By running the climate model of CAMS-CSM
in the weather forecast mode, Li J. et al. (2018) evalu-
ated the performance of CAMS-CSM in simulating spati-
otemporal distributions of rainfall and related synoptic
circulations, concluding that the CAMS-CSM has the
ability to simulate severe extreme events.

The aim of this work is to investigate how well the
CAMS-CSM reproduces the characteristics of BSISO in
the Asian—Pacific summer monsoon region. Our prelim-
inary evaluation begins with simulation of the mean state
and some basic features of BSISO, including variance,
periodicity, and propagation. A suite of dynamics-ori-
ented diagnostic metrics has been developed and applied
to evaluate the simulation of vertical structure and phys-
ical processes associated with MJO/BSISO in CAMS-
CSM, as in other GCMs (Jiang et al., 2015; Neena et al.,
2017; Wang B. et al., 2018). The manuscript is organ-
ized as follows. Description of the model and analysis
method is presented in Section 2. In Section 3, we show
simulations of the mean state, including the annual cycle
and seasonal mean, and the vertical shear of zonal wind,
which reflects the strength of the large-scale Asian sum-
mer monsoon. In Section 4, we discuss the intensity and
propagation of the BSISO over the Asian summer mon-
soon region in the model. In Section 5, we focus on the
zonal propagation along the equator and the meridional
propagation over the Indian summer monsoon sector and
the South China Sea (SCS)-western North Pacific
(WNP) region. The main results and discussion are
provided in Section 6.

2. Model and analysis method

The atmospheric component of the CAMS-CSM is the
ECHAMS5 AGCM, which is documented in detail in
Roeckner et al. (2003). It has a horizontal resolution of
T106, with 31 vertical levels extending from surface to
10 hPa. The mass flux scheme of Tiedtke (1989) for cu-
mulus convective parameterization is used with modific-
ation for penetrative convection (Nordeng, 1994). For de-
tailed description of the radiative scheme, land surface
scheme, cloud and vertical diffusion solution in this
model, one is referred to Roeckner et al. (2003).

The ocean component of the CAMS-CSM coupled
model is the Geophysical Fluid Dynamics Laboratory
(GFDL) Modular Ocean Model version 4 (MOM4) (Grif-
fies et al., 2004). The spatial domain is quasi global ex-
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cluding the Arctic region, extending from 74°S to 64°N.
The zonal resolution is 1°; and the meridional resolution
is 1/3° between 10°S and 10°N, linearly increasing to 1°
poleward of 30°S and 30°N. There are 50 layers in the
vertical, with 23 layers in the upper 230 m. In the con-
trol experiment, the model is integrated for 23 yr with the
atmosphere and ocean being coupled once per hour.
More details of the CAMS-CSM atmosphere—ocean coup-
ling process can be found in Rong et al. (2018).

In this paper, we present the results obtained from a
23-yr coupled integration. The May—October period is
considered as representing the boreal summer season,
and all the analyses associated with BSISO are per-
formed over this season.

To examine the model reliability for large-scale circu-
lation simulation, we compare the results against the
NCEP-NCAR reanalysis dataset. The Climate Predic-
tion Center (CPC) Merged Analysis of Precipitation data
(CMAP) are also used to evaluate the model capability in
precipitation simulation. The daily averaged outgoing
longwave radiation (OLR) data from the NOAA of US
are employed as a proxy for convection. To be consist-
ent with the model simulation, the observational datasets
are also taken from 1979 to 2001 (23 yr).

A band-pass filter is used to extract the intraseasonal
signal. The standard deviation of the filtered precipita-
tion is used to assess the BSISO intensity. To quantitat-
ively measure the intensity, propagation, and frequency
of the BSISO, wavenumber—frequency analysis is per-
formed in this study. The wavenumber—frequency ana-
lysis transforms a time series from spatial-temporal do-
main to a wavenumber—frequency domain (Hayashi,
1982). The wavenumber—frequency analysis is often ad-
opted to describe the wave properties of the BSISO
(Salby and Hendon, 1994; Hendon et al., 1999; Wheeler
and Kiladis, 1999; Fu and Wang, 2004; Qi et al., 2008; Ji
etal., 2014; Cao et al., 2015).

3. Simulation of tropical mean state

In the coupled model, a realistic basic mean state is at
least as important as the air—sea interaction in terms of
simulating the intraseasonal oscillation (Sperber et al.,
2005). An accurate simulation of seasonal mean state in
precipitation and vertical wind shear in summer determ-
ines a proper propagation of the BSISO in the model
(Hendon, 2000; Kemball-Cook et al., 2002, Inness et al.,
2003). Earlier studies (e.g., Ajayamohan and Goswami,
2007; Sperber and Annamalai, 2008; Sabeerali et al.,
2013) suggested that a better representation of the BSISO
associated with the Asian—Pacific summer monsoon in a
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model depends on how well the model simulates the sea-
sonal mean precipitation over this region. Therefore, we
first carry out an examination of the capability of the
CAMS-CSM in simulating the annual cycle and the cli-
matological summer mean of the precipitation field.

3.1 Annual cycle

The monthly mean precipitation from CMAP (taken as
observation) and the CAMS-CSM are presented in Figs.
la and 1b, respectively. The climatological annual cycle
of precipitation shows that the maximum precipitation is
located in the equator or south of the equator particularly
in the eastern equatorial Indian Ocean (EEIO), maritime
continent, and the western equatorial Pacific in boreal
winter. The zonal precipitation belt moves northward off
the equator during the seasonal transition. The intertrop-
ical convergence zone (ITCZ) represented by the con-
vective precipitation shifts to the north of the equator
from boreal winter to summer in the Asian—Pacific mon-
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soon region (Fig. la). The intensified precipitation in
boreal summer is mainly located in the eastern Arabian
Sea, Bay of Bengal, SCS, and the region eastern to the
Philippines along 15°N (Fig. 2). The EEIO and the re-
gion eastern to the maritime continent are also large-
value precipitation centers. The precipitation shows a
strong annual cycle in terms of both strength and latitud-
inal position. The features of monthly mean precipitation
patterns in the model (Fig. 1b) match the observation
closely (Fig. la), except that the precipitation strength
over the Asian—Pacific summer monsoon domain is over-
estimated.

In terms of seasonal mean precipitation, the patterns in
the model match the observation well. For example, the
maximum centers of simulated summer mean precipita-
tion are very close to those of the CMAP, except for the
overall larger intensity of simulated precipitation over the
Asian—Pacific summer monsoon domain. Similar to most
other models, the CAMS-CSM tends to simulate double

(b)
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Fig. 1. Distributions of monthly mean precipitation (mm day™') from (a) CMAP and (b) CAMS-CSM.
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Fig. 2. Seasonal (JJA) mean precipitation (mm day ') from (a) CMAP and (b) CAMS-CSM.

ITCZs, with an excessive convective precipitation band
south of the equatorial western Pacific (Fig. 2b). The root
mean square error (RMSE) is computed, which indicates
the biases of precipitation simulation with respect to the
observation, as shown in Fig. 3. The large RMSEs ap-
pear over eastern Himalayas, southern Indo—China Pen-
insula, EEIO, SCS, and WNP (Fig. 3), which are consist-
ent with the results of Neena et al. (2017).

3.2 Vertical shear of zonal wind

In addition to the mean state of precipitation, the back-

ground vertical shear of the zonal mean flow also plays
an important role in the amplification and northward pro-
pagation of the BSISO in the Indian Ocean (Jiang et al.,
2004; DeMott et al., 2013; Liu et al., 2015). The basic
zonal flow may also influence the interaction between the
extra-tropics and the tropics, which may be important as
a forcing mechanism for the ISO (Hsu et al., 1990). The
vertical shear, which is defined as the difference between
850- and 200-hPa zonal winds (Webster and Yang,
1992), reflects the strength of the South Asian summer
monsoon, and may form a favorable condition for the de-

RMSE of precipitation from CAMS-CSM
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Fig. 3. Root mean square error of precipitation (mm day™') with respect to CMAP observation during June-August.
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velopment of the BSISO in the tropics. Figure 4 shows
that the large-scale vertical easterly wind shear domin-
ates the region latitudinally from 10°S to 30°N and lon-
gitudinally extending along 10°N from Africa to the
WNP, with an maximum of 35 m s™'. The model well
simulates the change of the zonal wind direction vertic-
ally from the lower to the upper troposphere in the Asian
monsoon region, which exhibits a baroclinic structure
(Fig. 4b). The overall simulation of the vertical zonal
wind shear by the CAMS-CSM agrees well with the ob-
servation over most of the South Asian monsoon region,
although its magnitude is not as large over the western
Indian Ocean as in the observation. An exception is seen
in the monsoon region between 10°N and the equator,
where the vertical wind shear is deficient. The failure in
simulating the vertical wind shear in this region could be
one cause for the reduced BSISO amplitude in the model
based on earlier studies, which again emphasizes the im-
portance of mean vertical wind shear and low-level zo-
nal wind in the development of the BSISO as in previous
studies (e.g., Wang and Xie, 1996, 1997; Kemball-Cook
et al., 2002; Inness et al., 2003; Jiang et al., 2004).

4. Features of BSISO

4.1 Intensity of BSISO

The standard deviation of 20-50-day rainfall anom-
alies is used to measure the intensity of BSISO. Figure 5

a) u850—u200
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displays the 23-yr averaged BSISO intensity for
June—August in CMAP and CAMS-CSM. Similar to the
results of Ajayamohan and Goswami (2007) and Sperber
and Annamalai (2008), the spatial pattern of BSISO in-
tensity closely follows that of the maximum summer
mean precipitation regions (Figs. 5, 2). The active cen-
ters of BSISO are significantly distributed in the north of
the equator in the Asian—Pacific monsoon region. The
largest amplitude BSISO region is located between 10°
and 20°N over the eastern Arabian Sea and the Bay of
Bengal, SCS, and the Philippine Sea (Fig. 5a). Another
active center of BSISO is found over the EEIO. Previous
studies showed that the northward movement of these
variability centers of BSISO is associated with the
active/break cycle of summer monsoons in South Asia
and Southeast Asia during boreal summer.

The simulated position of BSISO variability center is
consistent with the observation, except for the variability
center over the EEIO. The variability centers of BSISO
are mainly in the latitudinal zone between 10° and 20°N
from the eastern Arabian Sea and Bay of Bengal to the
SCS and the Philippine Sea. But the intensity of BSISO
tends to be stronger over the Bay of Bengal and weaker
over the SCS. In addition, the active center of BSISO in
the EEIO is not well reproduced in the model, and the
BSISO center is exaggerated in the south to the Indian
subcontinent (Fig. 5b).

[y
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Fig. 4. Seasonal (JJA) mean zonal wind vertical shear (u850 —u200; m s™') from (a) NCEP and (b) CAMS-CSM.
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Fig. 5. The 23-yr averaged ISO intensity (mm day ") in the boreal summer from (a) CMAP and (b) CAMS-CSM.

4.2 Propagation of BSISO in monsoon regions

Figure 5 shows that the tropical Indian Ocean and WNP
are the regions for enhanced BSISO variability. The
BSISO is normally featured by the northward movement
from the equator to the South Asian monsoon region in
the EEIO and from the tropics to the SCS and WNP, rep-
resenting its close association with the weather and sub-
seasonal to seasonal climate variability in South Asia and
Southeast Asia.

To examine the performance of CAMS-CSM in cap-
turing meridional propagation features of BSISO in the
Asian—Pacific monsoon region, we follow the way as in
DeMott et al. (2013) to llustrate the northward propaga-
tion of BSISO. The meridional propagation of BSISO in
nature episodes is illustrated in Figs. 6, 7. Figure 6 dis-
plays the time series of 20-50-day filtered precipitation
anomalies as a function of latitude for three years of
CMAP data and three years of CAMS-CSM output over
the Indian summer monsoon sector. The selected years

with different disturbances of BSISO are chosen to illus-
trate the interannual variations of BSISO in this region:
the events exhibiting systematic northward propagation
from the equator to 20°N in both CMAP and model res-
ults (Figs. 6a, d), the events with coexisting southward-
and northward-propagating disturbances (Figs. 6b, e),
and the non-organized meridional propagating episodic
events (Figs. 6c, f). The Hovmoller diagrams demon-
strate the capability of CAMS-CSM in reproducing the
episodic nature of meridional propagation of BSISO over
the Indian monsoon region, which reflects the inter-
annual variability of propagation of BSISO.

In addition to the eastern Indian Ocean, the broad re-
gion from the SCS and Philippine Sea to the WNP is also
dominated by significant northward migration of BSISO.
In the SCS-WNP domain, the CAMS-CSM simulation
shows that anomalous ISO precipitation propagates
northward to the north of 20°N in June—July, but the
propagation is deficient in late summer after August (Fig.
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(a) CMAP 1979 (b) CMAP 1988
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(c) CMAP 1980
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Fig. 6. Hovmoller diagrams of the 20-50-day filtered precipitation rate (mm day™') averaged over the Indian summer monsoon region

(75°~100°E) from (a—c) CMAP and (d—f) CAMS-CSM.
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Fig. 7. Hovmdller diagrams of 20-50-day filtered precipitation rate
(mm day ') averaged over the SCS—WNP region (110°~140°E) from
(a) CMAP and (b) CAMS-CSM.

7), which is similar to the results in Kemball-Cook and
Wang (2001). This implies that the BSISO experiences a
seasonal variation over the western Pacific summer mon-

soon region. The amplitudes of BSISO in Indian Ocean
show relatively large values in the model compared to
the observation. In contrast, the feature of meridional
propagation in the western Pacific Ocean is more reason-
ably captured by the model (Figs. 6, 7).

5. Wavenumber—{requency analysis

The wavenumber—frequency analysis is used to quan-
tify the intensity, frequency, and propagation character-
istic of ISO (Salby and Hendon, 1994; Hendon et al.,
1999; Wheeler and Kiladis, 1999; Teng and Wang, 2003,
Fu and Wang, 2004; Lin and Li, 2008; Qi et al., 2008).
The analysis is extended from a global domain to a finite
domain of (30°S-30°N, 40°E—180°) in this study. This is
because the BSISO is effectively trapped in the northern
summer monsoon region by the lower-boundary condi-
tions (such as SST, land and ocean surface moisture dis-
tributions, and so on), and the mean monsoon flows
(Wang and Xie, 1997). Detailed regional characteristics
of BSISO can be zoomed in by using the finite domain
wavenumber—frequency analysis.

5.1 Eastward propagation

During boreal summer, the MJO disturbances weaken
significantly, and the variability centers in convection of
BSISO move to the Northern Hemisphere. Figure 8
shows the wavenumber—frequency analysis of observed
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and simulated convection (represented by OLR) associ-
ated with zonal propagating disturbances of BSISO. Al-
though the MJO substantially weakens in summer, the
23-yr mean spectrum of observed OLR shows that it is
dominated by a prominent eastward propagation with
wavenumber-1 spanning from 40°E to 180° (Fig. 8a).
The eastward propagating BSISO, with the maximum
spectrum of about 270 (W m™2)?, has a dominant period
between 20 and 50 days and the peak closer to 30 days.

The eastward wavenumber-1 propagation is well re-
produced by the coupled CAMS-CSM (Fig. 8b). The
periodicity of the simulated BSISO disturbances is con-
sistent with the observed dominant period. But the in-
tensity of the eastward propagating disturbances exhibits
a smaller amplitude, with its maximum being 240 (W
m2)?, compared to the observation. Also note that the
westward propagating BSISO is distinctly larger than
that in the observation. In addition, the variance of
20-50-day OLR is mainly concentrated on wavenum-
bers 1-3 in the model in both eastward and westward
propagations, whereas the variance of observed 20-50-
day OLR is primary centered on wavenumbers 1-2 (Figs.
8a, b).

As a function of latitude and period, from the
wavenumber—frequency analysis, Fig. 9 shows the
strength of zonal propagation of convection for
wavenumber-1. The wavenumber-1 corresponds to a
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Fig. 8. The 23-yr mean wavenumber—frequency spectra for zonal

propagation of OLR in boreal summer along the equator (5°S—5°N)
from (a) observation and (b) CAMS-CSM. Contour interval is
30 (W m2)%
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wavelength of 140° in longitude spanning over 40°E and
180°. In Fig. 9a, the BSISO is featured by wavenumber-1
with a period of 20-50 days, which exhibits eastward
propagation along the equator and westward propagation
off the equator between 10° and 20°N, which is the domi-
nant mode in the WNP during boreal summer. But the
eastward propagation is still the most significant mode in
the tropics.

In the CAMS-CSM simulation, the periodicities of
both the eastward and westward propagations are all on
the 15-50-day band, which is the dominant mode in the
observation (Fig. 9b). The simulated intensity of east-
ward propagation is weaker, and the maximum spectrum
is located north of the equator around 5°N instead of at
the equator as in the observation. Compared to the obser-
vation, the CAMS-CSM does not produce the convec-
tion with a period of about 45 days that propagates east-
ward along 10°N; moreover, the westward propagation is
much stronger in the off-equatorial region along 5°—10°N
(Fig. 9b).

5.2 Northward propagation

A prominent feature of BSISO in the Asian summer
monsoon region is its northward propagation in the In-
dian Ocean and in the SCS to the western Pacific. The
active to break cycles of the Asian summer monsoon in
both South Asia and Southeast Asia are modulated fre-
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Fig. 9. The 23-yr mean wavenumber—frequency spectra for zonal

propagating wavenumber-1 of OLR over 40°E-180° in boreal sum-
mer for (a) observation and (b) CAMS-CSM. Contour interval is
30 (W m2)%
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quently by the northward propagating BSISO from the
tropics. The maximum northward propagating spectrum
of OLR is indeed located in those areas within the
Asian—Pacific summer monsoon region (Fig. 10a). The
northward propagation in the Indian Ocean is signific-
antly stronger than that in the SCS or the western Pacific.
Compared to the observation, the intensity of northward
propagation in the simulation is apparently weaker;
meanwhile, the simulated southward component is over-
estimated (Fig. 10b).

To further show the propagating properties of BSISO,
the wavenumber—frequency analysis is applied to the re-
gions of the Indian Ocean and the western Pacific, re-
spectively. Both regions are well-known for monsoon
activities during boreal summer. Figure 11 presents the
northward and southward propagations of BSISO over
the Bay of Bengal between 85° and 95°E. The north-
ward propagating BSISO in the observed OLR has a
maximum variance of about 500 (W m™)% apparently
dwarfing its southward counterpart (Fig. 1la). The
strongest northward convective perturbation is featured
by wavenumber-1 with a peak period of about 30 days.
The northward propagation of meridional wavenumber-1
of observed OLR in the Indian Ocean is much stronger
than the eastward propagation of zonal wavenumber-1 of
OLR along the equator (Figs. 11a vs. 8a). This may be
due to the fact that the eastward propagating BSISO
along the equator dramatically weakens in summer.
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Fig. 10. The 23-yr mean wavenumber—frequency spectra for meridi-
onal propagating wavenumber-1 of OLR over 30°S-30°N in boreal
summer for (a) observation and (b) CAMS-CSM. Contour interval is
100 (W m™2)2.
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The simulated northward propagating BSISO in the
Bay of Bengal presents the similar dominant mode with a
meridional wavenumber-1 and 20-50-day period, com-
pared to the observation (Fig. 11b). The BSISO intensity
in meridional propagation, however, shows much more
difference from the observation. The maximum spec-
trum in this case is only about 300 (W m2)* (Fig. 11b),
which is about 40% smaller than that in the observation.
Meanwhile, the southward propagating component from
the model is much stronger than the observed.

In another significant northward propagating region of
BSISO, namely, the SCS and the WNP sector, the
wavenumber—frequency analysis exhibits similar result
as shown in Fig. 11. In the SCS and WNP region, the
simulated northward propagating BSISO is weaker and
the southward component is much stronger than those in
the observation (Fig. 12).

For meridional propagations of BSISO in both north-
ward and southward directions in the eastern Indian
Ocean and in the SCS and WNP region, the simulated
northward propagating BSISO is significantly weaker
while southward propagating BSISO is stronger than
those in the observation.

6. Summary and discussion

The purpose of this study is to evaluate the perform-
ance of the newly developed model CAMS-CSM, with a
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Fig. 11. The 23-yr mean wavenumber—frequency spectra for meridi-
onal propagation of OLR in boreal summer over the Bay of Bengal
(85°-95°E) for (a) observation and (b) CAMS-CSM. Contour interval
is 100 (W m2)%
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Fig. 12. The 23-yr mean wavenumber—frequency spectra for meridi-
onal propagation of OLR in boreal summer over 110°—120°E for (a)
observation and (b) CAMS-CSM. Contour interval is 50 (W m )%,

focus on its simulation of the BSISO. Our preliminary
assessment of the characteristics of the simulated BSISO,
as well as the simulated annual cycle and summer mean
state, is presented.

The CAMS-CSM simulation of the annual cycle and
seasonal mean in precipitation is realistic, and the max-
imum center of precipitation is also in agreement with
the observation. But, like most other models, CAMS-
CSM tends to simulate double ITCZs, with an excess of
the precipitation belt south of the equatorial western Pa-
cific. In terms of the vertical shear of large-scale zonal
wind, the CAMS-CSM well simulates the baroclinic
structure of zonal wind in the Asian—Pacific summer
monsoon region, except that the strength of the vertical
shear is relatively weaker compared to the observation
and the vertical shear is deficient along the EEIO.

The variability centers of simulated BSISO are mainly
located between 10° and 20°N from the eastern Arabian
Sea, Bay of Bengal, to the SCS, and the Philippine Sea.
But the intensity of simulated BSISO tends to be stronger
over the Bay of Bengal and weaker over the SCS. Be-
sides, the active center of observed BSISO in the EEIO is
not well reproduced, and the BSISO center in the model
is exaggerated south of the India subcontinent.

In the Hovmoller diagram that illustrates meridional
propagation of BSISO, three episodes in the nature of
BSISO anomalous precipitation are examined and com-
pared between the observation and model output, re-
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spectively. It is shown that the northward and southward
propagation and non-meridional propagation events of
BSISO over the Indian monsoon domain are captured in
individual years by the CAMS-CSM, suggesting that the
interannual variability of BSISO propagation is repro-
duced well by the model. According to the proposed
mechanism for the BSISO northward propagation in the
Indian Ocean by Jiang et al. (2004), the internal atmo-
spheric dynamics is essential in causing the northward
propagation of BSISO. In this regard, the physical pro-
cesses involved in wind convergence and moisture—con-
vection feedback need to be further investigated.

The assessment of BSISO properties by the wavenum-
ber—frequency analysis indicates that the newly de-
veloped climate system model by the CAMS is able to
reproduce the characteristics of BSISO. The eastward
propagating wavenumber-1 BSISO along the equator
with a dominant period of 20-50 days is well simulated.
But the strength of the eastward propagation of BSISO
tends to be weaker in the model. Meanwhile, the west-
ward component in the model is stronger than that in the
observation. The simulated northward propagation of
ISO in the Asian—Pacific summer monsoon region is
more realistic in contrast. In the famous Indian and SCS
summer monsoon regions, the meridional wave numbers
and periodicities are all in agreement with the observa-
tions, except that the intensity of northward propagating
BSISO is underestimated. The southward component
tends to be overestimated in both the Indian and SCS
monsoon regions. In summary, both the overall mag-
nitude of BSISO convection in eastward propagation
along the equator and northward propagation in the In-
dian and SCS summer monsoon sectors are underestim-
ated in the model, suggesting that the origins of eastward
and northward propagation of BSISO convection are not
well reproduced and the physical processes responsible
for the eastward and northward propagation need to be
better understood. Based on previous studies, the BSISO
originates from complex interactions among many phys-
ical processes with different forcing factors involved,
which may include air—sea interaction and internal atmo-
spheric dynamics related to vertical wind shear and mois-
ture asymmetry (Kemball-Cook and Wang, 2001; Fu and
Wang, 2004; Jiang et al., 2004; Hsu and Li, 2012; Liu
and Wang, 2017). Accurate modeling of BSISO needs a
better understanding of the relevant physical mechan-
isms as well as improved physical parameterization
schemes for cumulus convection, flux adjustment, mois-
ture budget and cycle, and so on. The mathematical de-
scriptions of these interactive parameterizations are cru-
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cial in simulating the BSISO realistically. As such, more
detailed diagnostics and analysis as well as the experi-
ments that aim at simulating the evolutionary and struc-
tural characteristics of the eastward and northward
propagations of BSISO by the CAMS-CSM are required
in future investigations.

In this study, we focus on the climatological features
of BSISO in the Asian—Pacific summer monsoon region.
It is well known that the BSISO has significant interan-
nual variations over the tropics and monsoon regions
(Wang et al., 2006; Hsu et al., 2018). The interannual and
seasonal variations of BSISO intensity and its northward
propagation directly affect rainfall variability over the
monsoon regions over the Indian Ocean, the SCS, and
western Pacific (Teng and Wang, 2003; Qi et al., 2008,
2013; Hsu and Yang, 2016). How does the CAMS-CSM
perform in terms of the SST relationship with the ISO on
the interannual timescale is our ongoing research.
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