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Abstract
This study investigates the impacts of modifying the deep convection scheme on the ability to simulate the Madden–Julian 
Oscillation (MJO) in the Beijing Climate Center Climate System Model version 2 with a medium resolution (BCC-CSM2-
T159) and a high resolution (BCC-CSM2-T382). On the basis of the original deep convection scheme, a modified scheme is 
suggested, which involves the transport processes of deep convective cloud water. The liquid cloud water that is detrained is 
transferred horizontally to its neighboring grids, and a portion of the cloud water that is horizontally transported is allowed 
to be transported downward into the lower troposphere. Both BCC-CSM2-T159 and BCC-CSM2-T382 with the modified 
deep convection scheme perform better than that used the original deep convection scheme in reproducing the major fea-
tures of the MJO, such as its spectrum, period, intensity, eastward propagation and life cycle. Further analysis shows that 
those pronounced improvements in the MJO features in both BCC-CSM2-T159 and BCC-CSM2-T382 with the modified 
scheme are caused by transport processes of deep convective cloud water. The modified deep convection scheme enhances 
moisture and energy exchange from the lower troposphere to the upper troposphere around convective cloud, and promotes 
the convergence of moisture in the lower troposphere to the east of the MJO convection center, and then induces eastward 
propagation of the MJO. The comparisons between the coupled experiments and their corresponding experiments follow-
ing Atmospheric Model Intercomparison Project (AMIP) simulations indicated that atmosphere–ocean interactions are also 
important to improve MJO simulations in the models.
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1  Introduction

The Madden–Julian oscillation (MJO) is a widely recog-
nized phenomenon with major contributions to the intra-
seasonal variability in the tropics (Madden and Julian 1971, 

1972; Zhang 2005). The MJO has a broad impact on many 
weather and climate phenomena. The monsoon circulation, 
surface temperature, heavy precipitation in tropical areas, 
and weather and climate in mid- to high-latitudes are all 
influenced by MJO events (Wheeler et al. 2009; Lau and 
Waliser 2011; Zhang 2013; Zaitchik 2017; Zheng et al. 
2018; Lenka et al. 2023; Wang et al. 2023). Extreme weather 
events have also been found to be connected with the MJO 
(Wheeler et al. 2009; Zhang 2013; Roxy et al. 2019; Miller 
et al. 2022). For example, Roxy et al. (2019) suggested that 
synergistic effects of the changes in the Indo-Pacific warm 
pool and the MJO in the context of global warming may 
trigger or exacerbate severe weather events such as floods 
and droughts. The probability of tornadoes and severe hail 
in the United States significantly increases during strong 
MJO events (Baggett et al. 2018; Miller et al. 2022). The 
generation, intensification and tracks of tropical cyclones 
are modulated by the MJO (Vitart 2009; Vitart and Molteni 
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2010; Klotzbach and Oliver 2015; Akhila et al. 2022; Klotz-
bach et al. 2023). Klotzbach and Oliver (2015) showed that 
tropical cyclones are more likely to be generated during the 
active phases of the MJO. Recent studies (e.g., Liang and 
Fedorov 2021; Feng et al. 2023; Latos et al. 2023) also sug-
gested that the interaction of equatorial waves associated 
with the MJO provides a supportive environment for the 
occurrence and enhancement of tropical cyclone activity. 
MJO events with embedded tropical cyclones are the most 
important mechanism for generating westerly wind bursts 
(WWBs) and influence the occurrence and development 
of El Niño events (Liang and Fedorov 2021). The primary 
source of predictability for the sub-seasonal time scale also 
comes from the MJO (Lau and Waliser 2011; Li et al. 2015; 
Vitart et al. 2017).

Current climate models have the ability to simulate the 
basic features of the MJO. However, the majority of cli-
mate models still struggle to realistically reproduce the MJO 
(Jiang et al. 2015; Ahn et al. 2017; Wang and Lee 2017; Li 
et al. 2020). In the first Atmospheric Model Intercomparison 
Project (AMIP I), Slingo et al. (1996) showed that none of 
the 15 atmospheric general circulation models succeeded in 
reproducing the dominant intraseasonal oscillation. Lin et al. 
(2006) evaluated the MJO simulation ability of 14 coupled 
general circulation models (GCMs) participating in Phase 
3 of the Coupled Model Intercomparison Project (CMIP3, 
Meehl et al. 2007), and indicated that 12 models underes-
timated the MJO variance and most lacked high coherence 
in the eastward propagation of the MJO. Jiang et al. (2015) 
evaluated MJO simulations of 27 GCMs participating in 
the Working Group on Numerical Experimentation MJO 
Task Force (MJOTF)/GEWEX Atmospheric System Study 
(GASS) MJO global model comparison project, and only 
eight models were able to simulate the systematic eastward 
propagation of the MJO and the baroclinic structure in the 
vertical u-wind. Compared to the CMIP3 models, most 
CMIP5 models showed a slight improvement in the simula-
tion of the MJO (Taylor et al. 2012; Hung et al. 2013; Ahn 
et al. 2017). In the recent Phase 6 of the Coupled Model 
Intercomparison Project (CMIP6, Eyring et al. 2016), most 
of the models demonstrated significant improvements in 
the eastward propagation of the MJO, including more real-
istic propagation speeds and larger propagation distances 
(Li et al. 2022). However, it is still difficult to realistically 
simulate other features of the MJO, such as MJO amplitude, 
variance and period (Chen et al. 2022).

The simulation ability of the MJO in climate models is 
affected by a variety of factors, including the model resolu-
tion (e.g., Jia et al. 2008; Savarin and Chen 2022), model 
background mean state (Sperber et  al. 2005; Ahn et  al. 
2019), atmosphere–ocean interactions (Pegion and Kirtman 
2008; Newman et al. 2009; Chen and Zhang 2019; Zhao and 
Nasuno 2020), vertical heating profile (Cao and Zhang 2017; 

Bartana et al.2023), and cumulus convection parameteriza-
tion schemes (Del Genio et al. 2015; Kim and Maloney 2017; 
Liu et al. 2019). In particular, many studies have indicated a 
model’s ability to reproduce the MJO is strongly dependent 
on the cumulus convection parameterization schemes used 
in the model (e.g., Duvel et al. 2013; Ling and Li 2014). 
Many attempts have been made to improve MJO simulation 
in climate models by improving a few specific aspects of the 
cumulus convective parameterization schemes. One aspect 
is that MJO simulation can be successfully improved by 
modifying the cumulus entrainment and detrainment rates 
in GCMs. Tokioka et al. (1988) added range limits of the 
cumulus entrainment rate of ambient air in the model and 
improved the simulation ability of intraseasonal oscillations 
in the tropics. Maloney and Hartmann (2001) improved 
the model’s ability to simulate the MJO by optimizing the 
parameterization of convective precipitation evaporation in 
an unsaturated ambient and unsaturated downdraft. Ahn et al. 
(2019) suggested that GCMs using an adaptive entrainment 
rate could realistically simulate the mean state and MJO. 
Convective closure condition is also an important factor 
affecting MJO simulations. Previous studies have shown that 
modifying convection closure assumptions or adding a mois-
ture/convection trigger condition to the convective scheme 
could also improve the simulation ability of tropical intrasea-
sonal oscillations (Wang and Schlesinger 1999; Zhang and 
Mu 2005; Lin et al. 2008). Deng and Wu (2010) modified the 
convective momentum transport (CMT) in the deep convec-
tion scheme, resulting in significant improvements in both 
the signal and propagation of the MJO. Enhancing moisture-
convection feedback in the model improves MJO simulations 
(Bechtold et al. 2008; Hannah and Maloney 2011; Liu et al. 
2022). On the other hand, incorporating mesoscale stratiform 
heating structures by altering vertical heating structures in 
climate models could also significantly improve MJO simu-
lations (e.g., Seo and Wang 2010; Cao and Zhang 2017). In 
addition to traditional convective parameterization, super-
parameterization (e.g., Khairoutdinov et al. 2005; Hannah 
et al. 2015) and stochastic parameterization (e.g., Deng et al. 
2015; Goswami et al. 2017; Pathak et al. 2021) have been 
implemented to improve MJO simulations and predictions.

Air–sea interaction is also an important aspect affecting 
MJO simulations. Some studies showed that most GCMs could 
improve MJO simulations by introducing complete air–sea 
coupling. Tseng et al. (2022) found that the intensity, period, 
and propagation speed of the MJO were improved by coupling 
a one-column ocean model in the atmospheric general cir-
culation model (AGCM). Introducing high-frequency air–sea 
coupling on a sub-daily scale could enhance the simulation 
of the MJO (Chen and Zhang 2019; Zhao and Nasuno 2020). 
However, there are a few GCMs in which air–sea interactions 
have little or even negative effects on the MJO simulations 
(e.g., Pegion and Kirtman 2008; Newman et al. 2009).
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The Beijing Climate Center Climate System Model (BCC-
CSM) is a completely coupled climate model developed by 
the China Meteorological Administration that includes atmos-
phere, land surface, ocean, and sea–ice components (Wu et al. 
2013, 2014, 2019, 2021; Xin et al. 2013). Its first-generation 
models (BCC-CSM1.1 and BCC-CSM1.1 m) and second-
generation models (BCC-CSM2-MR and BCC-CSM2-HR) 
with different resolutions participated in CMIP5 and CMIP6, 
respectively. BCC-CSM1.1 m has some deficiencies in simu-
lating some basic features of the MJO, including the spectral 
distribution, intensity, structure, and propagation (Liu et al. 
2019). In medium resolution version of BCC-CSM2-MR, the 
simulation ability in the main features of the MJO is improved 
in contrast to its previous version of BCC-CSM1.1 m with the 
same resolution, but the intensity is still weaker than the obser-
vations (Wu et al. 2019). Some new developments have been 
implemented in the high-resolution model BCC-CSM2-HR 
(Wu et al. 2021), in particular, the deep cumulus convection 
scheme first proposed by Wu (2012) has been further improved 
to allow the transport of detrained cloud water to neighboring 
grids and downward into the lower troposphere. The simu-
lation of the MJO in BCC-CSM2-HR has evident improve-
ments. Some features of the MJO can be accurately simulated 
by the model, including the behavior of eastward propagation 
and the propagation speed of the MJO (Wu et al. 2021). Wu 
et al. (2021) showed that BCC-CSM2-HR could realistically 
reproduce the main patterns of the atmosphere temperature 
and wind, precipitation, land surface air temperature and sea 
surface temperature (SST).

The purpose of this work is focused on the effects of the 
modified deep convection parameterization scheme used in 
BCC-CSM2-HR (Wu et al. 2021) on MJO simulations, in 
contrast to the previous deep convection scheme (Wu et al. 
2012) in the two newly developed versions of BCC-CSM2. 
The impacts of sea–air interactions on MJO simulations using 
the corresponding atmospheric component models are also 
investigated in this study. The rest of this study is organized as 
follows. Section 2 describes the models, experimental design 
and data used in this study. Section 3 examines basic features 
of the mean state simulated by the models and explore the 
impact of the modified deep convection scheme on the simu-
lation ability of the MJO. Section 4 includes summary and 
discussion.

2 � Models, experimental design, and data 
used

2.1 � Models

The models used in this study are the two newly-developed 
versions of the Beijing Climate Center (BCC) climate sys-
tem model BCC-CSM2-T159 with a medium resolution of 

T159 (0.75° × 0.75°) and BCC-CSM2-T382 with a high 
resolution of T382 (0.3125° × 0.3125°) and 70 layers, with 
the top layer at 0.01 hPa in the atmosphere, respectively. 
They are developed on the basis of BCC-CSM2-HR (Wu 
et al. 2021). In BCC-CSM2-T159 and BCC-CSM2-T382, the 
corresponding atmospheric components are BCC-AGCM3 
with T159 and T382 resolutions (hereafter referred to as 
BCC-AGCM3-T159 and BCC-AGCM3-T382), respectively.

The deep cumulus convection scheme used in BCC-CSM2-
HR participated in CMIP6 (Wu et al. 2019) is the modified 
scheme based on the deep cumulus convection scheme sug-
gested by Wu (2012). The original deep convection scheme 
disregards the effects of the convective updraft occurring in 
the same grid column on neighboring grids. With increased 
horizontal resolution of BCC-CSM, the effects of the deep 
convection process on the atmosphere in adjacent grids are 
not negligible. Some modifications are made based on the 
original deep convection scheme as follows:

(1) After convection initiation, the liquid cloud water 
in the rising cloud mass is generally detrained outside the 
grid box and transported horizontally to adjacent grids by 
atmospheric circulation. This process is conducted in the 
dynamical core.

(2) Part of the liquid cloud water transported to adjacent 
grids is assumed to downdraft into the lower troposphere. 
Atmospheric moisture and temperature will change accom-
panied with this downward transport process. The downward 
transport of moisture, denoted as ( �q

�t
)
downdraft

 , depends on the 
increase of the horizontally transferred liquid cloud water 
with time ( Δqdyn,adv ), i.e.

where ε is a constant and represents the intensity of the 
downward transport, and Δt is the dynamical time step. The 
Eq. (1) can be rewritten as

In which, M is the mass flux transported downward in 
neighboring grids and can be derived using the Eqs. (1) and 
(2). Here, the evaporation of liquid cloud water in the down-
ward transport process is not considered. The evaporation 
or condensation for the additional part of water vapor trans-
ported by downward transport processes is treated by non-
convective cloud processes. The variation of atmospheric 
temperature accompanying the downward transport process 
can be derived using the Eq. (3).

(1)
(
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�t

)

downdraf t

= Δqdyn,adv ⋅ ε ⋅ Δt

(2)
(

�q

�t

)

downdraf t

=
�

�z
(M ⋅ q)

(3)
(

�T

�t

)

downdraft
=

�

�z
(M ⋅ T)



2164	 M. Zheng et al.

2.2 � Experimental design and data used

To investigate the effects of the improved deep convection 
scheme on MJO simulations, a set of contrast experiments 
are conducted for 10 years (1989–1998) using BCC-CSM2-
T159 and BCC-CSM2-T382, respectively. In the experi-
ments with the modified scheme (MS) and the original 
scheme (OS), we use the same initial data from historical 
experiments participating in CMIP6. The realistic external 
forcing data include solar constants, aerosols, greenhouse 
gases, ozone, volcanoes, and land use, which are the same 
as those used in the CMIP6 historical simulations (Wu et al. 
2019). In addition, the AMIP-like experiments are conducted 
for the same decade using BCC-AGCM3-T159 and BCC-
AGCM3-T152, in which the 1989–1998 monthly observed 
sea surface temperature (SST) and sea ice temperature are 
used and downloaded from https://​www.​metof​fi ce.​gov.​uk/​
hadobs/​en4. Moreover, the other external forcing data are 
the same as those used in the coupled models.

The observed precipitation with a horizontal resolution of 
1.0° × 1.0° is obtained from the Global Precipitation Clima-
tology Project Version 1.3 dataset (GPCP, Adler et al. 2017). 
Daily observed global outgoing longwave radiation (OLR) 
is from the National Oceanic and Atmospheric Adminis-
tration (NOAA) with a resolution of 2.5° × 2.5° (Liebmann 
and Smith 1996). The fifth generation ECMWF reanalysis 
(ERA5) data with a resolution of 0.25° × 0.25° are used to 
verify the simulated atmospheric circulation, SST and spe-
cific humidity (Hersbach et al. 2018).

In the evaluation, the model output, GPCP precipita-
tion and ERA5 data are all interpolated onto a 2.5° × 2.5° 
horizontal grid to match the observed OLR data. For the 
analysis in Sect. 3.5, the simulated precipitation, moisture 
and wind fields are not interpolated to preserve the original 
information of the model output. In the analysis, we focus 
on the anomaly fields of the variables, which are extracted 
by removing the annual average of the original daily data. 
The 20–100 days Lanczos bandpass filter is used to obtain 
the intraseasonal information. The principal components of 
the MJO are obtained by performing multivariate Combined 
Empirical Orthogonal Function expansion (CEOF) of intra-
seasonal outgoing longwave radiation (OLR), 850-hPa zonal 
wind (U850), and 200-hPa zonal wind (U200). The evalua-
tion of the MJO focuses on the boreal winter (November to 
April) in the tropics (10° S–10° N).

3 � Results

3.1 � Basic features of the climatological mean state

The ability of a climate model to reproduce the distribu-
tion of the climatological mean precipitation is the basis for 

accurate simulation of the MJO. As shown in Fig. 1, the OS 
and MS experiments of BCC-CSM2-T159 and BCC-CSM2-
T382 can all reproduce the basic geographic distribution of 
precipitation in the boreal winter with pattern correlation 
coefficient (PCC) above 0.88, although the experiments all 
overestimate the precipitation in the equatorial convergence 
zone. There is little difference between the PCCs of the 
OS and MS experiments for each model. The OS and MS 
experiments differ in the intensity of winter precipitation in 
the tropical convergence zone, which is more evident in the 
high-resolution model (BCC-CSM2-T382). In BCC-CSM2-
T382, the precipitation intensity in the tropical Pacific simu-
lated by the MS experiment is closer to the observations than 
the OS experiment. In addition, BCC-CSM2-T382 shows 
a better ability to simulate the zonal precipitation band at 
0–10° N in the equatorial Pacific than both the OS and MS 
experiments of BCC-CSM2-T159, indicating the better per-
formance of the high-resolution version of BCC-CSM2 in 
the intertropical convergence zone.

In the boreal summer, distributions of precipitation are 
similar between the OS and MS experiments of each model 
with approximate PCCs (Fig. 2). BCC-CSM2-T382 per-
forms better in reproducing summer precipitation than BCC-
CSM2-T159, with higher spatial correlation coefficients in 
both the OS and MS experiments of BCC-CSM2-T382. 
Compared to BCC-CSM2-T159, BCC-CSM2-T382 has an 
obvious improvement in the intensity of precipitation in the 
South Pacific convergence zone in the boreal summer.

The improved deep convection scheme does not cause 
evident variations in the amount of convective rainfall. Fig-
ure 3 shows the annual mean state of convective precipita-
tion over the tropics for the OS experiments in BCC-CSM2-
T159 and BCC-CSM2-T382 and the differences between the 
corresponding MS and OS experiments. Convective precip-
itation for the OS experiments in both BCC-CSM2-T159 
and BCC-CSM2-T382 is concentrated in the Intertropical 
Convergence Zone (Fig. 3a, c). There are no significant sys-
tematic differences between the MS and OS experiments of 
either both BCC-CSM2-T159 or BCC-CSM2-T382 (Fig. 3b, 
d). Compared to the OS experiments, the MS experiments 
in BCC-CSM2-T159 and BCC-CSM2-T382 simulate a lit-
tle increase of convective precipitation on maritime con-
tinents and a small decrease over the western equatorial 
Pacific. Compared to BCC-CSM2-T159, the high-resolution 
version BCC-CSM2-T382 simulates less convective precipi-
tation over the equatorial Indo-Pacific regions.

The sea surface temperature mean state is also an 
important factor influencing MJO simulations (Landu and 
Maloney 2011). The annual mean state of the observed SST 
over the tropics and the biases between the simulations and 
observations are shown in Fig. 4. The OS and MS experi-
ments of both BCC-CSM2-T159 and BCC-CSM2-T382 
simulate almost identical spatial distributions of SST biases 

https://www.metoffice.gov.uk/hadobs/en4
https://www.metoffice.gov.uk/hadobs/en4
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in contrast to the observed climatology. The OS and MS 
experiments in BCC-CSM2-T159 show warm biases of the 
SST about ~ 1 °C near the maritime continents (Fig. 4b, c), 
and weak cold biases in the central to eastern equatorial 
Pacific (Fig. 4d, e). These biases along the equatorial Pacific 
are slightly enhanced in the high-resolution version BCC-
CSM2-T382. The similar biases in OS and MS experiments 
for both BCC-CSM2-T159 and BCC-CSM2-T382 indicate 
that the improved deep convection scheme does not lead to 
evident variations in the SST climatology.

The globally averaged shortwave radiative forcing of the 
MS experiment in BCC-CSM2-T159 is -50.4 W m−2, which 
is slightly stronger than that of the OS experiment, at -50.1 
W m−2, and both are within the range of the CERES-EBAF 
observations (– 47.5 ± 3 W m−2) (Stephens et al. 2012; Wild 

2020). The high-resolution version BCC-CSM2-T382 shows 
a smaller difference between MS and OS experiments of 
– 49.5 W m−2 and – 49.3 W m−2, respectively. The globally-
averaged longwave cloud radiative forcing for the MS and 
OS experiments in BCC-CSM2-T159 is 30.4 W m−2 and 
30.3 W m−2, respectively, which is within the observational 
uncertainty range (± 3 W m−2) of the CERES reference 
value (28 W m−2). The globally-averaged longwave radia-
tive forcing simulated by the MS and OS experiments in 
BCC-CSM2-T382 is closer to the reference value than BCC-
CSM2-T159, at 27.9 W m−2 and 28.1 W m−2, respectively. 
The simulations of cloud radiative forcing in BCC-CSM2-
T159 and BCC-CSM2-T382 are within reasonable ranges for 
both OS and MS experiments and the improved deep con-
vection scheme has less impact on cloud radiative forcing.

Fig. 1   Climatological mean boreal winter (December–January–Feb-
ruary) precipitation (unit: mm day−1) for a GPCP, b BCC-CSM2-
T159 (OS), c BCC-CSM2-T159 (MS), d BCC-CSM2-T382 (OS), 

and e BCC-CSM2-T382 (MS) from 1989 to 1998. The number in the 
top right of the panel is the spatial correlation coefficient between the 
observations and simulations
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Fig. 2   The same as Fig. 1 but for the boreal summer (June–July–August)

Fig. 3   Annual mean convective precipitation (unit: mm day.−1) from a BCC-CSM2-T159 (OS) and c BCC-CSM2-T382 (OS) experiments, and 
b, d the differences between the MS and OS experiments of BCC-CSM2-T159 and BCC-CSM2-T382
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3.2 � MJO basic features

In this section, the MJO simulation diagnostics generated by 
the US Climate Variability and Predictability MJO Work-
ing Group (MJOWG, Waliser et al. 2009) are applied to the 
BCC models to assess the model’s ability to simulate basic 
features of the MJO. We also calculate MJO skill metrics to 
quantitatively assess and diagnose the performance of the 
models in simulating MJO features (Ahn et al. 2017).

Figure 5 shows the wavenumber–frequency spectrum of 
outgoing longwave radiation (OLR) in the boreal winter 
for the observations and simulations. The “MJO band” 
is displayed showing eastward propagation of the MJO 
with a period that ranges between 30 and 80 days. The 
observations indicate that the spectrum power of OLR 
is mainly concentrated in the MJO band. The dominant 
spatial scales of the zonal wave numbers of OLR are 1–3 
waves (Fig. 5a). Compared to the observations, the OS 
experiment of BCC-CSM2-T159 simulates a weaker east-
ward power at wavenumbers 1–3. The spectral peak in 
the OS experiment of BCC-CSM2-T159 occurs at a lower 
frequency and over a larger range of wavenumbers com-
pared to the observed peak (Fig. 5b). In comparison, the 
MS experiment of BCC-CSM2-T159 produces a stronger 
strength in the MJO band than the OS experiment, which 
is closer to the observations (Fig. 5c). The eastward propa-
gation and spectral peak of the MJO are better reproduced 

by the MS experiment than by the OS experiment of 
BCC-CSM2-T159.

To quantitatively evaluate the wavenumber–frequency 
spectrum of the MJO, the ratio of the eastward power to the 
westward power (E/W ratio), eastward power normalized by 
the observations (E/O ratio), and MJO periodicity (PWFPS) 
within the MJO wavenumber–frequency ranges (period 
30–80 days and wavenumbers 1–3) are calculated in the MS 
and OS experiments of BCC-CSM2-T159. The E/W ratio is 
determined by dividing the sum of the spectrum power in 
the MJO band by the sum of the corresponding westward 
power. It represents the robustness of the eastward propaga-
tion of the MJO (Zhang and Hendon 1997). The E/O ratio is 
obtained by normalizing the total of the simulated spectrum 
power in the MJO band by the counterpart of the observed 
power. The E/W ratio alone is not a sufficient assessment 
metric of the simulation capability for the eastward propaga-
tion of the MJO. The E/O ratio is complementary to the E/W 
ratio. PWFPS is derived by dividing the total power-weighted 
period by the sum of the total power over 30–80 days, con-
sidering wavenumbers of 1–3.

As shown in Table 1, the E/W ratio of the OS experi-
ment (3.79) is weaker than that of the observations (4.61), 
indicating that the eastward propagation is lower than the 
observations. The E/W ratio of the MS experiment (4.0) is 
improved and closer to the observations. The E/O ratio is 
0.7 for the OS experiment and 1.07 for the MS experiment, 
indicating more reasonable eastward propagation in the 

Fig. 4   Annual mean state of sea surface temperature (unit: K) for a ERA5 SST observations and the model biases of b BCC-CSM2-T159 (OS), c 
BCC-CSM2-T159 (MS), d BCC-CSM2-T382 (OS), and e BCC-CSM2-T382 (MS) in contrast to ERA5 SST from 1989 to 1998
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simulation with the modified deep convection scheme. The 
MS experiment increases the PWFPS for the OLR (47.5), 
which is greater than that of the OS experiment (45.5) and 
closer to the observations (46.9).

The OS experiment of the high-resolution model 
BCC-CSM2-T382 overestimates the spectral intensity 

and eastward propagation of the OLR, which are much 
higher than those of the OS experiment of BCC-CSM2-
T159 (Fig. 5d). The MS experiment of BCC-CSM2-T382 
decreases the spectral intensity and eastward propagation 
relative to the OS experiment, and has closer E/W ratio 
and PWFPS values to the observations (Table 1). The E/O 

Fig. 5   November–April wave-
number–frequency spectrum of 
OLR anomaly averaged over10° 
S–10° N. The vertical dashed 
lines indicate the MJO band 
(30–80 days). The eastward/
westward power ratio (E/W 
ratio) and the eastward power 
normalized by the observations 
(E/O ratio) are shown in the top 
right of each panel. a NOAA/
ERA5, b BCC-CSM2-T159 
(OS), c BCC-CSM2-T159 
(MS), d BCC-CSM2-T382 
(OS), e BCC-CSM2-T382 (MS)
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also exhibits an obvious improvement with values of 1.74 
and 0.95 for the OS and MS experiments, respectively. 
These results demonstrate the benefits of the improved 
deep convection scheme for the simulation of the spec-
trum of the OLR in two models (BCC-CSM2-T159 and 
BCC-CSM2-T382).

Wavenumber–frequency spectra for 850-hPa zonal wind 
(U850) is shown in Fig. 6. The observations denote the east-
ward power in the period range of 30–80 days and at a zonal 
wavenumber of 1 (Fig. 6a). Similar to OLR, the OS experi-
ment of BCC-CSM2-T159 underestimates the strength of the 
MJO band, while the OS experiment of BCC-CSM2-T382 
overestimates the strength of the MJO band (Fig. 6b, d). 
With the improved deep convection scheme, the MS experi-
ments of both BCC-CSM2-T159 and BCC-CSM2-T382 
improve the simulations of the spectral strength and wave-
number (Fig. 6c, e). As shown in Table 1, the E/O ratio and 
PWFPS in the MS experiment are improved compared to those 
in the OS experiment. However, in both BCC-CSM2-T159 
and BCC-CSM2-T382, the MS experiment does not improve 
the E/W ratio compared to the OS experiment.

Figure  7 shows the wavenumber–frequency spectra 
for 200-hPa zonal wind (U200). The dominant zonal wave 
numbers are within 1 wave for U200 in the observations. 
The spectral peak of U200 occurs in the low frequency 
domain (50–80 days) (Fig. 7a). In the OS experiment of 
BCC-CSM2-T159, both the eastward power in the MJO 
band and the corresponding westward power are weaker 
than those in the observations (Fig. 7b). The MS experi-
ment improves the simulation in both eastward power and 
the corresponding westward power (Fig. 7c), but not as 
much as those in OLR and U850. In the OS experiment of 
BCC-CSM2-T382, the spectral peak is stronger and is at a 
wider wavenumber range than the observations (Fig. 7d). 
With the improved deep convection scheme, the MS exper-
iment of BCC-CSM2-T382 improves the simulations of the 
eastward power in the MJO band (Fig. 7e). The E/W ratio, 
E/O ratio, and PWFPS of the eastward power can be better 

simulated in the MS experiment than in the OS experiment 
of BCC-CSM2-T159 (Table 1). However, the MS experi-
ment of BCC-CSM2-T382 only shows a small improve-
ment in PWFPS. In addition, the E/O ratio and PWFPS of 
U200 are less affected by the improved deep convection 
scheme than those of OLR and U850. This indicates that 
the modified deep convection scheme influences the upper 
troposphere less than the lower troposphere. One possi-
ble reason is that the improved deep convection scheme 
is achieved by altering the convective moisture, which is 
mainly concentrated in the lower troposphere.

Figures 5, 6, and 7 show the positive contribution of 
enhancing the resolution to the spectrum of the MJO simu-
lations in the BCC-CSM2 model. However, the effects of 
the increased resolution on the simulation of the MJO spec-
trum differ among the climate models (Crueger et al. 2013; 
Malviya et al. 2018; Rajendran et al. 2008; Li et al. 2016). 
Several studies showed that increasing the resolution of the 
models enhances the spectrum of the MJO (Crueger et al. 
2013; Malviya et al. 2018). Some other studies pointed out 
that the increase in the horizontal resolution does not help to 
increase the power in the MJO band (Rajendran et al. 2008; 
Li et al. 2016). Both stratiform and convection processes 
have impacts on the simulation of the MJO in the model. 
At present, we do not have an accurate understanding of 
the causes of MJO spectrum enhancement with increased 
horizontal resolution. In future work, we will conduct more 
experiments to investigate the underlying mechanism.

The CEOF analysis is performed using 20–100 days band-
pass-filtered OLR, U850 and U200 data averaged between 
15° S and 15° N. This analysis is based on the RMM method 
proposed by Wheeler and Hendon (2004). Figure 8 shows 
the two leading CEOFs from the observations and simula-
tions. The order and sign of each mode of the simulations are 
adjusted to best match the observations. In the observations, 
the first (second) CEOF mode exhibits convective intensifi-
cation (inhibition) over the tropical Indian Ocean and con-
vective inhibition (intensification) over the eastern Pacific 

Table 1   Skill metrics 
representing MJO amplitude 
and MJO period

E/W ratio, eastward/westward power ratio; E/O ratio, eastward power normalized by the observations; 
PWFPS, dominant eastward period from the wavenumber–frequency power spectra within the MJO wave-
number–frequency ranges (period 30–80 days and wavenumbers 1–3)
OLR outgoing longwave radiation, U850 850-hPa zonal wind, U200 200-hPa zonal wind, OS the experi-
ment with the original scheme, MS the experiment with the modified scheme

E/W ratio E/O ratio PWFPS (day)

OLR U850 U200 OLR U850 U200 OLR U850 U200

Observation 4.61 4.29 3.65 46.9 48.2 46.0
BCC-CSM2-T159 (OS) 3.79 3.78 2.47 0.85 0.70 0.76 45.5 45.8 44.7
BCC-CSM2-T159 (MS) 4.00 3.34 2.76 1.07 0.80 0.77 47.5 46.3 46.0
BCC-CSM2-T382 (OS) 7.01 4.75 4.05 1.74 1.41 1.06 50.9 51.9 49.8
BCC-CSM2-T382 (MS) 5.01 4.78 2.44 0.95 0.82 0.66 49.2 50.7 49.0
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(Fig. 8a, b). The convection in both CEOF1 and CEOF2 
is accompanied by low-level wind field convergence and 
high-level wind field divergence. In BCC-CSM2-T159, the 
first and second CEOF modes of the OS experiment show 
weaker convection and zonal wind strength compared to 
the observations (Fig. 8c, d). The peak convection of the 

CEOF2 simulated by the OS experiment is located at 130° 
E, while it occurs at 150° E in the observations. Compared 
to the OS experiment, the MS experiment of BCC-CSM2-
T159 improves simulations in the intensity and location of 
the peak convective signal, and the strength of the zonal 
wind. In the CEOF1 of BCC-CSM2-T382, the intensity and 

Fig. 6   The same as Fig. 5 but 
for U850
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location of the convection in the Indian Ocean simulated by 
the MS experiment are closer to the observations than the 
OS experiment (Fig. 8e). However, the MS experiment of 
BCC-CSM2-T382 does not show improvement in simulating 
the spatial structure of CEOF2. The intensity of the CEOF2 
peak convection is weaker over the western Pacific in the MS 

experiment, and the peak location is westward relative to the 
observations and the OS experiment (Fig. 8f).

Table 2 presents the two MJO metrics from the CEOF 
analysis. The first metric is the percentage of the total 
variance (PCT) contributed by the first two CEOFs. In the 
observations, the two dominant CEOFs explain 42.87% 

Fig. 7   The same as Fig. 5 but 
for U200
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of the total variance. The OS experiment of BCC-CSM2-
T159 underestimates the mean PCT (36.43), and the PCTs 
of the three variables. There is some improvement in the 

mean PCT of the MS experiment (37.64), with increased 
explained variances in the variables of OLR and U850. The 
OS experiment of BCC-CSM2-T382 overestimates the mean 

Fig. 8   Two leading CEOFs of 20–100-day filtered OLR, U850, and 
U200 averaged over 15° S-15° N in NOAA&ERA5 (a, b), BCC-
CSM2-T159 (c, d), and BCC-CSM2-T382 (e, f). a, c, e are the first 
mode, and b, d, f are the second mode. The values in the upper left 
parentheses of each plot indicate the mean value of the correlation 
coefficients of the three variables (OLR, U850, and U200) between 

the observations and simulations. The explained variance of each 
mode is given in the top right of each plot. The legend of each panel 
shows the percentage variance explained by each mode of the three 
variables (OLR, U850, and U200). The thin curves and thick curves 
indicate the OS and MS experiments, respectively

Table 2   Skill metrics 
representing MJO structure

PCT, the percentage variance explained by the two leading CEOFs (unit: %); CSPATIAL, the spatial pattern 
correlation coefficient of the two leading CEOFs between the observations and simulations and their mean 
(Mean)

PCT (%) CSPATIAL

OLR U850 U200 Mean OLR U850 U200 Mean

Observation 29.81 56.88 41.94 42.87
BCC-CSM2-T159 (OS) 19.69 48.36 41.24 36.43 0.83 0.79 0.88 0.83
BCC-CSM2-T159 (MS) 22.97 50.89 39.05 37.64 0.93 0.95 0.98 0.96
BCC-CSM2-T382 (OS) 33.39 57.18 48.57 46.38 0.94 0.98 0.97 0.96
BCC-CSM2-T382 (MS) 24.26 53.07 38.94 38.76 0.90 0.98 0.96 0.95
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PCT (46.38) and the PCTs of the three variables, while the 
MS experiment underestimates the mean PCT (38.76) and 
the PCTs of the three variables. The mean PCT of the MS 
experiment in BCC-CSM2-T382 is closer to the observa-
tions than that of the MS experiment in BCC-CSM2-T159.

The second metric is the spatial correlation coefficient 
(CSPATIAL) between the observations and simulations for 
the two dominant CEOFs. This metric is used to quantify 
the ability of the model to simulate the structure of CEOF 
modes. In the OS experiment of BCC-CSM2-T159, the 
mean values of CSPATIAL of OLR, U850, and U200 are 0.83, 
0.79, and 0.88, respectively. With the modified scheme, the 
MS experiment increases the CSPATIAL of the three variables, 
with values of 0.93, 0.95, and 0.98 for OLR, U850, and 
U200 respectively. The greatest improvement is U850, indi-
cating the prominent influence of the scheme in the lower 
troposphere. For the simulations of BCC-CSM2-T382, 
both the OS and MS experiments have high CSPATIAL above 
0.9 for the three variables. The modified deep convection 
scheme has less influence on the structure of the MJO in 
BCC-CSM2-T382 than that in BCC-CSM2-T159.

The lead-lag correlations of the two leading principal 
component time series (PCs) are shown in Fig. 9, which 
are created by applying filtered anomalous fields to the 
corresponding CEOF modes. In the observations, the first 
CEOF mode (convection center over the east Indian Ocean) 
is 10 days ahead of the second CEOF mode (convection 
center over the west Pacific). The OS and MS experiments 
of both BCC-CSM2-T159 and BCC-CSM2-T382 can repro-
duce the lead-lag relationship between the two dominant 
CEOF modes. The correlations between the simulations and 
the observed lead-lag correlation are all above 0.96.

To estimate the coherency of the propagation and perio-
dicity of the MJO from the lead-lag correlations shown in 
Fig. 9, we calculate the mean of the absolute values of the 
maximum and minimum lead-lag correlation coefficients 
(CMAX) and the dominant eastward period (PCEOF). PCEOF is 

obtained by multiplying the period between the maximum 
positive correlation and the maximum negative correlation 
by 2. The CMAX of the observation is 0.77, while the value 
is 0.77 and 0.78 in the OS experiments of BCC-CSM2-T159 
and BCC-CSM2-T382, respectively. The MS experiments 
of both BCC-CSM2-T159 and BCC-CSM2-T382 have 
slightly lower CMAX. The PCEOF in the OS experiment of 
BCC-CSM2-T159 (BCC-CSM2-T382) is 34 days (42 days), 
which is smaller (larger) than the observations (40 days). 
The MJO periods simulated by the MS experiments of both 
BCC-CSM2-T159 and BCC-CSM2-T382 are closer to the 
observations (see Table 3).

3.3 � Propagation of the MJO

We further evaluate the model’s ability to simulate the prop-
agation of the MJO. The eastward propagation diagram of 
the MJO is shown by the lead-lag correlations of the intra-
seasonal anomalies (20–100 days) of OLR and U850 aver-
aged over 10° S–10° N, with respect to the MJO convection 
center in the Indian Ocean region (5° S–5° N, 75°–85° E) 
(Fig. 10). In the observations, the MJO shows clear eastward 

Fig. 9   Lead-lag correlation 
coefficients between the first 
and second principal component 
time series corresponding to the 
first two CEOF modes in the 
observations, and simulations 
of BCC-CSM2-T159 (OS), 
BCC-CSM2-T159 (MS), BCC-
CSM2-T382 (OS) and BCC-
CSM2-T382 (MS). The values 
in the upper right parentheses 
show the spatial correlation 
between the observations and 
simulations

Table 3   Skill metrics representing the coherency of MJO propagation 
and MJO periodicity from the lead-lag correlations between the PCs 
of the two leading modes

CMAX the average of the absolute values of the maximum and mini-
mum lead-lag correlation coefficients, PCEOF the dominant eastward 
period from the first two CEOF modes (unit: day)

CMAX PCEOF (day)

Observation 0.77 40
BCC-CSM2-T159 (OS) 0.77 34
BCC-CSM2-T159 (MS) 0.74 36
BCC-CSM2-T382 (OS) 0.78 42
BCC-CSM2-T382 (MS) 0.72 40
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propagation from the Indian Ocean to the Pacific Ocean, 
with a speed of approximately 5 m/s (Fig. 10a). The OS and 
MS experiments of both BCC-CSM2-T159 and BCC-CSM2-
T382 capture the eastward propagation feature of the MJO, 
but with differences in the strength of the MJO. Compared 
to the observations, the MJO in the OS experiment of BCC-
CSM2-T159 is obviously weaker than the observed over the 
equatorial Indo-Pacific regions, and becomes discontinuous 
after propagating to the western Pacific (Fig. 10b). In con-
trast, both the strength and propagation continuity of the 
MJO are improved in the MS experiment (Fig. 10c). The 

MS experiment of BCC-CSM2-T159 produces higher PCC 
and lower RMSE values than the OS experiment (Table 4). 
In the OS experiment of BCC-CSM2-T382, the intensity 
of the MJO is overestimated and stronger than the observa-
tions (Fig. 10d). The MS experiment of BCC-CSM2-T382 
decreases the intensity of the MJO, and has a higher PCC 
skill and lower root mean square error (RMSE) (Table 4). 
This indicates that the modified deep convection scheme in 
both BCC-CSM2-T159 and BCC-CSM2-T382 can improve 
the simulations in the intensity and eastward propagation 
feature of the MJO over the equatorial Indo-Pacific regions.

Fig. 10   Eastward propagation of the MJO shown as the lead-lag 
correlation of 20–100  days filtered OLR (shading) and U850 (con-
tour) averaged over 10° S–10° N with reference to itself over the 
equatorial eastern Indian Ocean (IO, 5° S–5° N, 75°–85° E) in a 

NOAA&ERA5, b BCC-CSM2-T159 (OS), c BCC-CSM2-T159 
(MS), d BCC-CSM2-T382 (OS), and e BCC-CSM2-T382 (MS) from 
November–April. The dashed straight line denotes the eastward prop-
agation speed of 5 m s.−1
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Figure 11 shows the eastward propagation diagrams of 
the MJO with reference to the MJO convection center in 
the Western Pacific region (5° S–5° N, 130°–150° E). The 
observed MJO convective signal propagates eastward from 
the East Indian Ocean and decays near the dateline in the 
observations (Fig. 11a). The OS experiment of BCC-CSM-
MR simulates a weaker MJO signal and smaller propagation 
ranges than the observations (Fig. 11b). In contrast, the MS 
experiment of BCC-CSM2-T159 can reproduce more rea-
sonable propagation of the MJO (Fig. 11c). In particular, the 
MS experiment can reproduce the feature of the MJO con-
vection decaying near the dateline. The MS experiment of 
BCC-CSM2-T159 has a higher PCC skill and lower RMSE 
value than the OS experiment (Table 4). In BCC-CSM2-
T382, the OS experiment produces an excessively strong 
MJO signal and low speeds (Fig. 11d). Although the MS 
experiment decreases the RMSE, it does not increase the 
PCC skill.

Table 4 also presents the MJO eastward propagation skill 
of the simulation, which is determined by the mean PCC 
skill for eastward MJO propagation in the two key reference 
regions. It is more reflective of the overall propagation skill 
than measurements of a single reference region (Wang and 
Lee 2017). The eastward propagation skill of BCC-CSM2-
T159 (BCC-CSM2-T382) is improved from 0.905 (0.882) 
to 0.935 (0.891) by modifying the deep convection scheme. 
This suggests that both BCC-CSM2-T159 and BCC-CSM2-
T382 models with the improved deep convection scheme 
generate more systematic eastward propagations and are 
closer to the observations.

The composite MJO life cycle of U850 and OLR anoma-
lies in the boreal winter in the tropics is shown in Fig. 12, 
presenting the temporal and spatial evolution features of 
MJO convection. In the observations, MJO convection 

(negative OLR anomaly) originates in the western Indian 
Ocean in the second phase and gradually enhances as it 
propagates eastward, reaching a maximum on the maritime 
continent. Then, the convection gradually weakens in the 
second half stage and ends in the western Pacific in the 
eighth phase (Fig. 12a). Similar features are found in the 
wind field. In contrast, the intensity of MJO convection over 
the maritime continent is underestimated by the OS experi-
ment of BCC-CSM2-T159 in the active MJO phase, espe-
cially in phases 4–6. In addition, the OS experiment does not 
capture the weakening feature in the latter half of the MJO 
life cycle (Fig. 12b). Compared to the OS experiment, the 
convective transition from wet-to-dry phases can be reason-
ably simulated by the MS experiment, in agreement with the 
observations (Fig. 12c). For BCC-CSM2-T382, the convec-
tive intensity and spatial extent of the MJO simulated by 
the OS experiment are overestimated throughout the MJO 
life cycle. The same problem also appears in the positive 
OLR anomaly (Fig. 12d). Comparatively, the MS experi-
ment in BCC-CSM2-T382 shows better simulations in both 
the wet phases and dry phases of the MJO (Fig. 12e). In 
addition, with the improved deep convection scheme, the 
temporal and spatial evolution features of the MJO repro-
duced by BCC-CSM2-T382 are closer to the observations 
than BCC-CSM2-T159.

3.4 � MJO simulations without air–sea interaction

To better understand the impacts of the improved deep con-
vection scheme and air–sea interactions on MJO simulations 
in the BCC-CSM2-T159 and BCC-CSM2-T382 models, 
the corresponding AMIP experiments are conducted using 
BCC-AGCM3-T159 and BCC-AGCM3-T382.

Figure 13 shows the wavenumber–frequency spectra of 
U850 for BCC-AGCM3 models. The spectral peak in the 
OS experiment of BCC-AGCM3-T159 does not occur in 
the MJO band but at a lower frequency. The OS experi-
ments of both BCC-AGCM3-T159 and BCC-AGCM3-T382 
underestimate the spectral strength of the MJO band. In con-
trast, the MS experiments for both BCC-AGCM3-T159 and 
BCC-AGCM3-T382 improve spectral strength in the MJO 
band. The E/W ratios, the E/O ratios, and PWFPS of the MS 
experiments are improved compared to the OS experiments 
in BCC-AGCM3 models.

The eastward propagation of the MJO in BCC-AGCM3 
models with reference to the MJO convective center in the 
Indian Ocean region is given in Fig. 14. The MJO in the 
OS experiment of BCC-AGCM3-T159 cannot propagate 
eastward across the oceanic continent and does not show a 
continuous eastward propagation feature. The OS experi-
ment of BCC-AGCM3-T382 also shows weak propagation 
strength and a small propagation range. Consistent with 
the results of the coupled models, there is a significant 

Table 4   Skill metrics representing eastward propagation of MJO

PCC and RMSE denote the spatial correlation coefficient, and the 
root mean square error between the observations and simulations of 
the lead-lag correlations of the intraseasonal anomalies (20–100 days) 
of the outgoing longwave radiation in the lag-longitude domain (60° 
E–180°, day – 20 to day 20), respectively. MJO eastward propagation 
skill is measured by averaging the PCC skills in two regions (IO and 
WP)

IO WP MJO eastward 
propagation skill

PCC RMSE PCC RMSE

BCC-CSM2-T159 
(OS)

0.869 0.164 0.940 0.127 0.905

BCC-CSM2-T159 
(MS)

0.908 0.139 0.962 0.101 0.935

BCC-CSM2-T382 
(OS)

0.830 0.235 0.933 0.163 0.882

BCC-CSM2-T382 
(MS)

0.866 0.178 0.915 0.147 0.891
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improvement in the strength, propagation range and propa-
gation continuity of the MJO of the MS experiments com-
pared to the OS experiments in both BCC-AGCM3-T159 
and BCC-AGCM3-T382.

Figures 13 and 14 demonstrate that the improved deep 
convection scheme also contributes to better MJO simula-
tions in BCC-AGCM3 models. The performances on MJO 
simulations of both BCC-AGCM3-T159 and BCC-AGCM3-
T382 are worse than those of the corresponding coupled 
models. This suggests that atmosphere–ocean interactions 
are important for MJO simulations in BCC models.

3.5 � Physical mechanisms related to the improved 
MJO skill

The above analysis shows that both BCC-CSM2-T159 
and BCC-CSM2-T382 with the modified deep convection 
scheme perform better in reproducing the major features of 
the MJO, including spectrum, period, intensity, eastward 
propagation and life cycle. To better understand the physical 
mechanism of these improvements, we analyze the moisture 
and atmospheric circulation related to the MJO in the MS 
experiments of BCC-CSM2-T159 and BCC-CSM2-T382. 
We select a typical strong MJO event (RMM > 1.0) propa-
gating from the Indian Ocean to the western Pacific Ocean 
during the boreal winter in the observations (Fig. 15a), and 

Fig. 11   The same as Fig. 10 but over the equatorial western Pacific (WP, 5° S–5° N, 130°–150° E)
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Fig. 12   November–April com-
posite intraseasonal anomalies 
(20–100 days) of OLR (shading, 
unit: W m−2) and 850-hPa 
wind (vector, unit: m s−1) as a 
function of the MJO phase in a 
NOAA&ERA5, b BCC-CSM2-
T159 (OS), c BCC-CSM2-T159 
(MS), d BCC-CSM2-T382 
(OS), and e BCC-CSM2-T382 
(MS). The reference vector unit 
is meters per second (m s−1) 
in the top right corner of each 
panel. The bottom right of each 
plot shows the phase and the 
number of days used to generate 
the phase
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the MS experiments of BCC-CSM2-T159 (Fig. 16a) and 
BCC-CSM2-T382 (Fig. 17a), respectively. The selected 
MJO events all occur in the Indian Ocean, considering that 
the Indian Ocean is the initiation and enhancement zone of 
MJO events.

The vertical structures of the moisture tendency and cir-
culation field averaged over 10° S-10° N corresponding to 
the three reference dates of P1, P2 and P3 in the observa-
tions are shown in Fig. 15. The moisture tendency includes 
the variations of water vapor in the atmosphere caused by 
all physical and dynamical processes. The lower part of 
each subplot shows the latitudinal distribution of the pre-
cipitation averaged over 10° S-10° N on the corresponding 
date. To realistically reflect the convection structure, these 
data are not filtered. The vertical dashed line represents the 
longitude position of the MJO convection center, which is 
jointly determined by the location of the maximum precipi-
tation in the Indian Ocean region and the MJO phase. In 
the observations, the MJO convection center has obvious 

eastward propagation over time (Fig. 15b–d). On date P1, 
there is an apparent positive water vapor transport in the 
lower troposphere (1000–700 hPa) to the east of the MJO 
convective center and strong upward motions in the mid-
dle troposphere (700–500 hPa) near the convective center 
(Fig. 15b). Meanwhile, there are strong westerly winds in 
the upper troposphere (500–300 hPa) and downdrafts to 
the east of the convective center, forming a vertical circula-
tion circle. Such the vertical circulation circle also appears 
associated with the MJO convection center on dates P2 and 
P3 (Fig. 15c, d). For the selected MJO event simulated by 
the MS experiments of BCC-CSM2-T159 (Fig. 16b–d) and 
BCC-CSM2-T382 (Fig. 17b–d), the MJO convection center 
also moves eastward from dates P1 to P3, with similar struc-
tures of water vapor and vertical circulation circle near the 
MJO convention center. This indicates that the moisture 
transport processes can be realistically reproduced by the 
two models with the modified deep convection scheme.

Fig. 13   The same as Fig. 6 but 
for BCC-AGCM3 models
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To more clearly show the water vapor and vertical cir-
culation circle structures near the center of the MJO, we 
select 7, 7 and 6 strong MJO events from the observations, 
the MS experiments of BCC-CSM2-T159 and BCC-CSM2-
T382, respectively. These MJO convections are composited 
as day 0 when they reach 85° E. The composite vertical 
structure of the moisture tendency and the circulation field 
for multiple strong MJO events propagating eastward to 85° 
E are shown in Fig. 18. When the maximum composite MJO 
convection arrives at 85° E, the composite vertical structure 
to the east of the convective center in the MS experiments of 
both BCC-CSM2-T159 and BCC-CSM2-T382 exhibits the 
above vertical circulation circle (Fig. 18b, c), similar to the 
observations (Fig. 18a).

Based on the modified deep convection scheme and the 
diagnostics for moisture and atmospheric circulation, the phys-
ical mechanism can be summarized as follows. The original 
deep convection scheme, where convection mainly occurs 
in the same location grid air column, lacks the interaction 
between adjacent grid boxes. With increased horizontal resolu-
tion, such interaction cannot be ignored. Based on the structure 

of MJO convection, the effects between adjacent grid boxes 
are parameterized as two key processes, including advection 
and downward transport processes. The newly developed deep 
convection scheme adds these two processes to the original 
scheme. After the initiation of MJO convection, the easterly 
winds in the lower troposphere and updrafts in the middle trop-
osphere transport moisture from the lower troposphere to the 
upper troposphere. The water vapor in the upper troposphere 
is then transported to the lower troposphere to the east of the 
MJO convection center by advection and downward transport 
processes. This strengthens the moisture exchange from the 
lower troposphere to the upper troposphere around the convec-
tive cloud. The combined effects of the two processes promote 
moisture convergence to the east of the convention center in 
the lower troposphere, inducing eastward propagation of the 
MJO. Therefore, we can infer that the advection and down-
ward transport processes in the modified scheme are the main 
reasons for the realistic simulations of the propagation and life 
cycle of the MJO.

Fig. 14   The same as Fig. 10 but for BCC-AGCM3 models



2180	 M. Zheng et al.

4 � Summary and discussion

In this study, we investigate the effects of a modified deep 
convection scheme on the ability to simulate the MJO using 
the medium-resolution model BCC-CSM2-T159 and the 
high-resolution model BCC-CSM2-T382. Based on the orig-
inal deep convection scheme, the modified scheme involves 
the transport processes of deep convective cloud water. The 
detrainment for liquid cloud water is horizontally transferred 
to neighboring grids, and a portion of the cloud water that is 
horizontally transported is allowed to be transported down-
ward into the lower troposphere. Ten years simulations are 
conducted by BCC-CSM2-T159 and BCC-CSM2-T382 
using the original deep convection scheme (OS) and the 
modified deep convection scheme (MS), respectively. The 
corresponding AMIP experiments are also conducted for the 
same decade using BCC-AGCM3-T159 and BCC-AGCM3-
T152. The impacts of sea–air interactions on the MJO sim-
ulations in BCC-AGCM3 models are also investigated in 
this study. Performances of the OS and MS experiments are 
compared in simulating the basic features of the MJO.

The spectral analysis shows that BCC-CSM2-T159 
and BCC-CSM2-T382 using the original deep convection 
scheme underestimate and overestimate the spectrum of 
the MJO, respectively. Both BCC-CSM2-T159 and BCC-
CSM2-T382 using the modified deep convection scheme 
can more realistically simulate the spectrums of the MJO, 
especially in OLR and U850. Both BCC-CSM2-T159 and 
BCC-CSM2-T382 models with the improved deep convec-
tion scheme have more systematic eastward propagations 
that are closer to the observations. The spatial and tempo-
ral evolutionary features of MJO convection throughout 
the MJO life cycle are also improved in BCC-CSM2-T159 
and BCC-CSM2-T382 with the improved deep convection 
scheme. The corresponding AMIP experiments indicate that 
both BCC-AGCM3-T159 and BCC-AGCM3-T382 using the 
improved deep convection scheme can improve simulation 
of the propagation, spectrum, and period of the MJO. The 

Fig. 15   RMM phase diagram corresponding to a typical MJO east-
ward propagation case in the observations (a). The RMM index of 
the panel (a) is calculated from NOAA & ERA5. The MJO event 
corresponding to panel (a) begins on 30 January 1990 and ends on 
10 March 1990. The three black dots represent the three selected 
reference dates corresponding to MJO convection occurring in the 
Indian Ocean. P1 in panel (a) corresponds to 5 February 1990, P2 
is 11 February 1990, and P3 is 16 February 1990. b–d Longitude–
height cross–sections of specific humidity tendency (shading, unit: g 
kg−1 day−1) overlaid with wind vectors (u, w) and longitudinal distri-
bution of precipitation (unit: mm day−1) on P1, P2, and P3, all aver-
aged over 10° S–10° N. The number in the upper left parentheses of 
each panel represents the longitude position of the maximum precipi-
tation center and is marked with a dashed vertical line in each panel. 
The dates corresponding to P1, P2, and P3 are marked in the upper 
middle of each panel

▸
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Fig. 16   The same as Fig. 15 but from the simulations of BCC-CSM2-
T159 (MS). P1 in the panel corresponds to 4 February 1997, P2 is 7 
February 1997 and P3 is 11 February 1997

Fig. 17   The same as Fig. 15 but from the simulations of BCC-CSM2-
T382 (MS). P1 in the panel corresponds to 3 December 1997, P2 is 9 
December 1997, and P3 is 15 December 1997
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performances of MJO simulation in BCC-CSM2 models are 
superior to those in BCC-AGCM3 models, indicating that 
atmosphere–ocean interactions are important for MJO simu-
lations in BCC models.

This study also reveals that the high-resolution model 
(BCC-CSM2-T382) has stronger MJO spectra, longer peri-
ods, higher explained variance, and stronger MJO signals 
than the medium-resolution model (BCC-CSM2-T159), 
but with overestimation in most features. This indicates that 
increasing the model resolution alone may not improve the 
simulation capability of the MJO.

We investigate the physical mechanism for the improve-
ments in the simulation of the MJO by analyzing the mois-
ture and atmospheric circulation related to the MJO in the 
MS experiments. The MS experiments of both BCC-CSM2-
T159 and BCC-CSM2-T382 capture the structures of water 
vapor and vertical circulation circle near the MJO convection 
center similar to the observations. The transport processes 
enhance moisture exchange from the lower troposphere to 
the upper troposphere around convective clouds, and pro-
mote the convergence of moisture in the lower troposphere 
to the east of the convection center, and then induce eastward 
propagation of the MJO.

Our analyses show that both BCC-CSM2-T159 and BCC-
CSM2-T382 still have some biases in the strength, structure 
and propagation of the MJO simulations. For example, BCC-
CSM2-T382 with the modified deep convection scheme has 
no evident improvement in the simulation of the spatial 
structure of CEOFs than that with the original scheme. The 
modified deep convection scheme exerts less influence on 
the structure of the MJO in BCC-CSM2-T382 than that in 

BCC-CSM2-T159. Further improvements are needed in the 
future. In our future study, we will initialize the two models 
to predict a typical MJO event in both OS experiments and 
MS experiments. This will provide evidence for improv-
ing the MJO prediction skill. Whether the modified deep 
convection scheme has benefits for Quasi–biennial Oscilla-
tion (QBO) simulations, as QBO is strongly linked to MJO 
events, will be investigated in our future work.
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