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Abstract
Realistic simulation of Madden–Julian Oscillation (MJO) propagation in coupled global climate models remains a common
problem. In this study, the ability of 20 coupled models from Coupled Model Intercomparison Project Phase 5 (CMIP5) in
simulating MJO is examined using dynamics-oriented diagnostics. The diagnostics focus on dynamic and thermodynamic
structures of MJOs on three dimensions, which help to identify the shortcomings of models and evaluate whether they
could reproduce MJO for the right reason. According to the simulation performance of the eastward propagation of MJO, the
“good”models and “poor”models are detected. The dynamics-oriented diagnostics are further applied to the good models, poor
models, and all models to establish a linkage betweenMJO simulation skill and their dynamic/thermodynamic structures. Results
show that the simulations of good models have the following common features: (1) a horizontal zonal structural asymmetry in
low-level zonal wind, upper-level diabatic heating and divergence; (2) a preceding eastward propagation of boundary layer
moisture convergence; and (3) a rearward-tilted vertical structure of diabatic heating, equivalent potential temperature and
available potential energy generation. The poor models that fail to capture these three-dimensional structures do not reproduce
the eastward propagation of MJO. More than half of these 20 CMIP5 models still have difficulties in simulating these dynamic/
thermodynamic structures.

1 Introduction

Madden–Julian Oscillation (MJO) is the major mode of trop-
ical variability with a periodicity of 20–70 days. MJO has the
ability to influence the formation of tropical cyclone activity
(Hall et al. 2001; Ho et al. 2006; Jiang et al. 2012), monsoonal
circulation, and rainfall by changing moisture during its dif-
ferent phases (Bhatla et al. 2017; Singh et al. 1992; Stewart
2009; Wheeler et al. 2009), extreme weather events
(Christophe 2008; Jones 2000; Zhou et al. 2012), and the
mid–high-latitude climate through inducing atmospheric
teleconnection (Ferranti et al. 1990; Hai et al. 2009; Wang
and Ding 1992; Yoo et al. 2012; Yang et al. 2020). In addition,
MJO is the major source of global predictability on
intraseasonal timescales. Thus, in general circulation models

(GCMs), realistic simulation of MJO is one of the key factors
for skillful prediction of a wide variety of climate phenomena.

Although great efforts have been made in improving MJO
simulations, simulating it realistically has long been a great
challenge. Typical MJO errors in GCMs include a weak am-
plitude, shorter period for MJO decay, small spatial extent of
convection, and lack of coherent eastward propagation (Jiang
et al. 2015; Kim et al. 2009; Liu et al. 2009; Slingo et al. 1999;
Sperber 2003; Sperber 2004). To evaluate and track the prog-
ress of coupled GCM (CGCM) simulations of MJO, the MJO
Working Group funded by the US Climate Variability and
Predictability Program (CLIVAR) developed a diagnostics
package (Waliser et al. 2009) in a standardized manner.
Using these diagnostics, Kim et al. (2009) analyzed eight cli-
mate models and indicated that the timescale of MJO decay
for all models is shorter than observed. Liu et al. (2009)
showed that the simulated tropical intraseasonal variability is
unrealistic, and the simulated MJO has a standing structure,
although about one-third of the CMIP5 models captured the
30- to 70-day spectral peak of MJO (Hung et al. 2013). Jiang
et al. (2015) revealed that only about a quarter of 24 GCM
simulations can simulate the eastward propagation well. Most
CMIP5 models show weak MJO amplitude (Ahn et al. 2017).

The diagnostics developed by the CLIVAR MJO group
provide a comprehensive evaluation of the behavior of MJO,
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but only reflect the MJO’s statistical properties. These diag-
nostics are useful, but some of them are hard to quantitatively
measure the skill of models. From a dynamical standpoint,
Wang et al. (2018) developed a suite of complementary
diagnostics on the basis of the dynamic and thermody-
namic structures of MJO propagation. These dynamics-
oriented diagnostics not only identify models’ shortcom-
ings in representing physical processes but also reveal
whether models can reproduce the eastward propagation
of MJO for the correct dynamical reason. In addition,
these diagnostics are easy to compute but objectively
measure the fidelity of simulated structure.

With participation from nearly two dozen internation-
al climate modeling centers, phase 5 of the Coupled
Model Intercomparison Project (CMIP5) (Taylor et al.
2012) provides a useful platform in support of climate
model intercomparison, diagnosis, climate change attri-
bution, and projection. Although many efforts have been
devoted to assessing MJO simulation, whether CMIP5
models can simulate the eastward propagation of MJO
for the correct dynamical reason is not yet clear. Thus,
in this study we apply the dynamics-oriented diagnostics
to 20 CMIP5 models to evaluate the three-dimensional
dynamic and thermodynamic structures of MJOs, which
is the key for reproducing the eastward propagation
(Wang et al. 2018).

Following this introduction, Section 2 describes the data
and method. Section 3 introduces the way in which the prop-
agation of MJO was quantitatively and objectively measured.
Section 4 depicts the contrastingMJO structures in two groups
of models (those that realistically simulate the eastward prop-
agation and those that do not) and the possible reasons.
Finally, a summary of the main findings and a brief discussion
are given in Section 5.

2 Data and objective measures

2.1 Data

For observations, daily precipitation data from GPCP (Global
Precipitation Climatology Project) (Huffman et al. 2001) for
the period 1997–2013 were employed. The ERA-Interim re-
analysis daily dataset (Dee et al. 2011), including temperature,
horizontal and vertical winds, and specific humidity during
1997–2013, were also used. Twenty-year (1986–2005) inte-
grations from the historical runs of 20 CMIP5 CGCMs
(Table 1) were used for evaluation. The simulations provided
daily data with eight vertical pressure levels. All the data were
interpolated into 2.5° × 2.5° grids for a fair comparison. In the
present study, the intraseasonal signal during boreal winter
(from November to April) was extracted by a 20- to70-day
band-pass filter.

2.2 Objective measures

Two objective measures were employed as metric fields to
quantify the performance of models. One was the pattern cor-
relation coefficient (PCC), which was used to gauge the de-
gree of similarity between observed and simulated fields. The
other was the domain-averaged normalized root-mean-square
error (NRMSE) (Lee and Wang 2014), which was used to
measure the magnitude of the simulation error. The NRMSE
is the root-mean-square error normalized by the observed
standard deviation that is calculated with reference to the
whole domain. Note that NRMSE is a much stricter metric
than PCC in evaluating the skill of the model. Smaller
NRMSE means the model better capture not only the pattern
distribution but also the magnitude. Thus, here we use
NRMSE for model ranking.

3 Selection of good and poor models

The prominent differences in dynamic and thermodynamic
structures of MJO can be revealed by comparing the features
of good and poor models. Thus, we firstly distinguished the
good and poor models according to their performances with
respect to eastward propagation. Following the approach in-
troduced by Wang et al. (2018), we used the 20- to 70-day
filtered daily precipitation and averaged precipitation within
three reference regions – the equatorial Indian Ocean (EIO;
10°S–10°N, 80°–100°E); theMaritime Continent (MC; 10°S–
10°N, 110°–130°E); and the equatorial western Pacific (EWP;
10°S–10°N, 140°–160°E) – to construct the time–longitude
lead-lag correlation diagrams, which is a simple but effective
way to measure MJO propagation.

Figures 1a–c show time–longitude lead-lag correlation
maps with reference to EIO,MC, and EWP rainfall anomalies,
respectively. Here, propagation diagrams from observation
and two best and two worst models’ simulations are displayed
for brevity. Clearly, the best two models reproduce the east-
ward propagation of MJO realistically, while the worst two
models are characterized by a largely stationary propagation
mode. The NRMSE skills for each model are shown in
Fig. 1d, which range from 0.29 to 0.82. The lower NRMSE
skills indicate more systematic eastward propagation. It has
been suggested that the performance of overall propagation
can be better reflected by the averaged skill over three refer-
ence regions than that measured by one single reference re-
gion (Wang and Lee 2017). Thus, we selected the top four
models (hereafter referred to as “good” models) and four
poorest models (hereafter referred to as “poor” models) in
terms of the averaged NRMSE skills between the observed
and simulated propagation diagram regarding rainfall anoma-
lies at three key locations. The longitudinal range between
85°E and 95°E for the EIO, 115°E and 125°E for the MC,
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and 145°E and 155°E for the EWP, and is excluded when
NRMSE is calculated. The exclusion at the reference point
is because even the poor models have good skill at the refer-
ence point, due to local stationary oscillation. The four good
(poor) models with realistic (no) MJO eastward propagation
are CNRM-CM5, NorESM1-M, GFDL-CM3, and MRI-
CGCM3 (IPSL-CM5A-LR, IPSL-CM5A-MR, GFDL-
ESM2M, CanESM2). In addition, all models’ composite re-
sults are also discussed to show the average level of simulation
skill of CMIP5 models.

4 Dynamics-oriented diagnostics

In order to examine the dynamic and thermodynamic struc-
tures related to MJO propagation for CMIP5 models, we
employed the six dynamics-oriented diagnostic metrics devel-
oped by Wang et al. (2018), including (1) the low-level (850-
hPa) horizontal structure of circulation, (2) the preceding
propagation of low-level (850-hPa) moisture convergence,
(3) the equatorial vertical longitudinal structure of the equiv-
alent potential temperature (EPT), (4) the equatorial vertical
longitudinal distribution of diabatic heating, (5) the available
potential energy (APE) generation of MJO, and (6) the upper-
level diabatic heating and divergence. Note that all regressed

MJO dynamic and thermodynamic anomalies were calculated
against the rainfall anomalies only over the EIO, because the
rainfall and circulation of MJO over the EIO are less affected
by the mean flow, and it is more equatorially symmetric
(Wang and Lee 2017).

4.1 Low-level (850-hPa) horizontal circulation

It has been revealed that MJO eastward propagation
performances are robustly correlated with its low-level
horizontal circulation structure (Wang and Lee 2017).
Figure 2a shows that the observed 850-hPa circulation
anomaly has an equatorial Rossby wave component to
the west of the EIO center and an equatorial Kelvin
wave component to the east of it. Opposite to the Gill
pattern (Gill 1980), the maximum Rossby westerly wind
speed is smaller than the maximum Kelvin easterly
wind speed for MJO low-level circulation (Wang and
Lee 2017). The different structure may result from the
nature of the heating (Wang et al. 2018; Wang and Lee
2017): the heating is interactive with the circulation of
MJO, while the heating is specified and the waves are a
passive response in the Gill model. The intensity and
zonal extent of the equatorial Rossby westerly versus
Kelvin easterly are the obvious differences between the

Table 1 Description of the CMIP5 models used in the study

Model designation Institution AGCM resolution
(lon × lat)

ACCESS1–0 Commonwealth Scientific and Industrial Research Organization and Bureau of Meteorology
(CSIRO-BOM), Australia

1.875o × 1.25o

BNU-ESM College of Global Change and Earth System Science (GCESS), Beijing Normal University (BNU),
China

2.8125o × 2.8125o

CanESM2 Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 2.8125o × 2.8125o

CMCC-CESM
CMCC-CMS

Centro Euro-Mediterraneo per I Cambiamenti Climatici (CMCC), Italy 3.75o × 3.75o

1.875o × 1.875o

CNRM-CM5 Centre National de Recherches Meteorologiques/Centre Europeen de Recherche et Formation Avancees
en Calcul Scientifique (CNRM-CERFACS), France

1.40625o × 1.40625
o

CSIRO-Mk3–6-0 Commonwealth Scientific and Industrial Research Organization and the Queensland Climate Change
Centre of Excellence (CSIRO-QCCCE), Australia

1.875o × 1.875 o

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

2.8125o × 2.8125o

GFDL-CM3
GFDL-ESM2M
GFDL-ESM2G

Geophysical Fluid Dynamics Laboratory (NOAA GFDL), USA 2.5o × 2o

2.5o × 2o

2.5o × 2o

IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR

Institute Pierre-Simon Laplace (IPSL), France 3.75o × 1.875o

2.5o × 1.258o

3.75o × 1.875o

MIROC5
MIROC-ESM-CHEM
MIROC-ESM

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

1.40625o × 1.40625o

2.8125o × 2.8125o

2.8125o × 2.8125o

MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M), Germany 1.875o × 1.875o

MRI-CGCM3 Meteorological Research Institute (MRI), Japan 1.125o × 2.25o

NorESM1-M Norwegian Climate Centre (NCC), Norway 1.875o × 1.875o
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good and poor models (Figs. 2b, c). For good models,
the maximum Rossby westerly is weaker than the max-
imum Kelvin easterly, which resembles the observed
MJO structure; whereas, for poor models, the maximum
Kelvin easterly is weaker than the maximum Rossby
westerly, which resembles the Gill pattern. It is sug-
gested that a model’s cumulus parameterization scheme,
which may give rise to different interaction between

dynamics of equatorial wave and convective heating
(Wang et al. 2016), is one of the key factors for the
performance in simulating the horizontal structures of
MJO. About three quarters of models have PCC larger
than 0.7 and NRMSE less than 1.0, indicating that most
models can well simulate the low-level circulation struc-
ture of MJO, which is also implied by the composite
structures from all models (Fig. 2d).

Fig. 1 Time-longitude diagram of 10°N–10°S-averaged 20- to 70-day
band-pass-filtered precipitation anomalies correlated with precipitation
anomalies averaged over the a Equatorial Indian Ocean (EIO; 10°S–
10°N, 80°–100°E), b Maritime Continent (MC; 10°S–10°N, 110°–
130°E), and c equatorial western Pacific (EWP; 10°S–10°N, 140°–
160°E) during boreal winter (November–April). d The NRMSE skill of
20 CMIP5 model simulations related to the three reference points. The

PCC/NRMSE skill is calculated where the absolute value of the correla-
tion coefficient is greater than 0.2 in the domains outlined by red curves
within 50°E–180° from day (− 20) to day(+ 20); and the longitudinal
ranges between 85°E and 95°E for the EIO, between 115°E and 125°E
for the MC, between 145°E and 155°E for the EWP are excluded in the
calculation of the PCC/NRMSE
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4.2 Propagation of low-level (850-hPa) moisture
convergence

It has been suggested that the boundary layer moisture con-
vergence (BLMC) couples Rossby and Kelvin waves as well
as convection together (Wang et al. 2016), favoring the

eastward propagation of MJO by pre-moistening, pre-destabi-
lization, generating APE, and heating in the lower troposphere
to the east of the convective center (Wang and Lee 2017).
Thus, the evolution of the equatorial BLMC is examined as
in Fig. 3. The observed eastward propagation of BLMC from
50°E to 180° is significant in good model simulations

Fig. 2 Horizontal structure of 20-
to 70-day band-pass-filtered 850-
hPa wind (m s−1, vectors) and
850-hPa zonal wind speed (U850)
(m s−1, shading) regressed onto
20- to 70-day band-pass-filtered
precipitation over the Indian
Ocean (10°S–10°N, 80°–100°E)
during boreal winter (November–
April) for a observations, b the
composite of good model simu-
lations, c the composite of poor
model simulations, d the com-
posite of all 20 model simula-
tions. The regression strengths are
scaled to a fixed 3 mm day−1

precipitation rate
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(Fig. 3b), while no propagation can be seen in the poor models
(Fig. 3c). Previous studies have revealed that BLMC propa-
gation leads propagation of rainfall by about 5 days in obser-
vations (Wang and Lee 2017; Wang et al. 2018), implying the
BLMC is an indicator of MJO eastward propagation. In com-
parison with Fig. 1a, this phase-leading is about 2 days in the
simulation of good models but is not found in that of poor
models. In other words, failure in simulating the eastward
propagation of BLMC and the phase-leading is one of the
reasons that poor models have difficulties in simulating MJO
eastward propagation. These models may have problems in
representing boundary layer convergence and its interaction.
The eastward propagation of BLMC shows a near-stationary
mode in the composite results from all models (Fig. 3d), sug-
gesting that simulating the propagation of BLMC may be a
common problem in CMIP5 models.

4.3 Vertical structure of equivalent potential
temperature

Another important indicator for the eastward propaga-
tion of MJO is the rearward-tilted structure of the
lower-tropospheric EPT (Hsu and Li 2012; Wang et al.
2018). The vertical structure of the EPT (Fig. 4a) con-
firms this observed thermodynamic feature. It is found
that the maximum EPT is at 500 hPa, and westward and
upward tilt of the EPT is obvious below the 500-hPa

level. The rearward-tilted structure reflects the westward
gradual thickening of the humid layer on the east side
of the deep convective center of MJO, suggesting pre-
moistening and pre-destabilization processes preceding
MJO deep convection. Both the good and poor models
reproduce the maximum EPT at 500 hPa. The prominent
difference between their composite results is that the
rearward-tilted structure between 120°E and 150°E be-
low the 500-hPa level is only found in the good models
(Figs. 4b, c). This means that the poor models fail to
simulate the pre-moistening and pre-destabilization pro-
cesses to the east of MJO convection, suggesting prob-
lems regarding the shallow-congestus clouds and BLMC
interaction through low-cloud feedback and convective
mixing in the lower troposphere (Wang et al. 2018).
About two thirds of models have PCC larger than 0.7
and NRMSE smaller than 1.0, indicating that the major-
ity of models can simulate the tilted structure. This is
also indicated by the composite from all models that
shows a tilted structure extended to 135°E (Fig. 4d).

4.4 Vertical structure of diabatic heating

The diabatic heating of MJO is associated with the tran-
sition of clouds from shallow cumuli, to congestus, to
deep convective and stratiform clouds (Jiang et al. 2011;
Sperber 2003; Wang et al. 2018). The observed

Fig. 3 Time–longitude diagram of 5°N–5°S-averaged 20- to 70-day
band-pass-filtered 850-hPa moisture divergence anomalies correlated
with precipitation anomalies averaged over the Equatorial Indian Ocean
(EIO; 10°S–10°N, 80°–100°E) during boreal winter (November–April)

for a observations, b the composite of good model simulations, c the
composite of poor model simulations, and d the composite of all 20
model simulations
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equatorial longitudinal distribution of the diabatic
heating of MJO shows a vertical rearward-tilted struc-
ture (Fig. 5a), reflecting the transition of the cloud
types. The lower-tropospheric heating leads the mid-
tropospheric deep convection heating that is then
followed by upper-tropospheric heating expanding from
the deep convection center to 60°E. The lower-
tropospheric diabatic heating suggests that the existence
of shallow-congestus clouds may lead the deep convec-
tive cloud, while the upper-tropospheric heating indi-
cates that the stratiform cloud may follow the deep con-
vective cloud. The good models simulate a realistic ver-
tically tilted structure of diabatic heating, whereas the
poor models fail to capture it (Figs. 5b, c). In the poor
models, no lower-tropospheric diabatic heating can be

found leading deep convection, and the upper-
tropospheric heating does not extend westward. The
failure to simulate this diabatic heating structure may
relate to the representation of cloud and scheme of cu-
mulus parameterization in the CGCMs (Ma et al. 2019).
For the composite from all models (Fig. 5d), although
the leading diabatic heating can be seen, the signal of
the westward extension of the upper-tropospheric
heating is unclear.

4.5 MJO available potential energy generation

One of the sources of energy for MJO development is
an eddy APE (Wang et al. 2018). Therefore, the vertical
structures of eddy APE generation are examined.

Fig. 4 Vertical structure of regressed 20- to 70-day band-pass-filtered
equivalent potential temperature (K, averaged over 5°S–5°N) with refer-
ence to the precipitation anomaly in the equatorial Indian Ocean averaged
over (10°S–10°N, 80°–100°E) during boreal winter (November–April)

for a observations, b the composite of good model simulations, c the
composite of poor model simulations, and d the composite of all 20
model simulations. The regression strengths are scaled to a fixed
3 mm day−1 precipitation rate

Application of MJO dynamics-oriented diagnostics to CMIP5 models



Figure 6 displays the vertical–longitudinal profile of the
MJO APE generation rate. Note that larger amplitude of
observed APE generation is found to the east of MJO
convective center than that to the west of the convective
center (Fig. 6a). This zonal asymmetry of observed APE
generation is significant in the lower troposphere
(Fig. 6a). The generation of APE over the convective
center mainly serves to amplify the MJO. Meanwhile,
the eastward propagation of the MJO is facilitated by
more generation of APE to the east of 90°E through
converting the APE to kinetic energy of MJO. As
shown in Fig. 6b and c, in the good models, more
generation of APE appears to the east of MJO convec-
tive center in the lower troposphere, while in the poor
models, it is quasi-symmetric. This zonal asymmetry in
APE generation is largely caused by the positive tem-
perature anomalies and the heating to the east of the
90°E in the lower troposphere (Wang et al. 2018),

which plays a vital role for CGCMs in reproducing
the zonal asymmetry of APE generation. As shown in
Fig. 6d, APE generation is not observed in the lower
troposphere, indicating that most models have difficul-
t ies in capturing the zonal asymmetry of APE
generation.

4.6 Upper-level (250-hPa) divergence and diabatic
heating

Another good indicator of MJO eastward propagation is
the upper-level divergence (Adames and Wallace 2015),
which reflects the upper-level precipitation heating.
Figure 7a shows the observed 250-hPa winds and asso-
ciated divergence regressed on EIO precipitation. The
upper-level circulation is characterized by equatorial
Rossby easterlies to the west of the EIO and equatorial
Kelvin westerlies to the east of the EIO (Fig. 7a), which

Fig. 5 As in Fig. 4, but for diabatic heating (K day−1, shading)
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is approximately opposite to that at 850 hPa (Fig. 2a). It
is obvious that the Kelvin westerly anomalies are much
weaker than the Rossby wave easterly anomalies, which
is out of phase with the zonal asymmetry in the 850-
hPa zonal wind speed (U850) results. The 250-hPa di-
vergence center overlays the convective region and ex-
tends westward to the western Indian Ocean. It suggests
that the westward extension of diabatic heating generat-
ed by stratiform clouds is the primary reason that results
in the westward extension of the 250-hPa divergence.
These characteristics in observation are well simulated
by the good models (Fig. 7b). However, in the poor-
models or all-models composite results, the zonal asymmetry
in 200-hPa wind is opposite to that in observations; plus, the
divergence and diabatic heating does not extend westward to
the western Indian Ocean (Figs. 7c, d). These deficiencies
might be related to the models’ capability in simulating the
congestus and stratiform cloud (Kim and Seo 2018).

5 Summary

MJO dynamics-oriented diagnostics (Wang et al. 2018)
are applied to 20 CMIP5 CGCMs’ simulation in this
study. These diagnostics are focused on the MJO’s fun-
damental dynamic and thermodynamic characteristics
that are essent ial to i ts eastward propagat ion.
Generally, good models with realistic MJO propagation
show the following features that resemble observations:
(1) the weaker intensity and smaller zonal extent of the
equatorial Rossby westerly versus Kelvin easterly at the
low level; (2) a preceding eastward propagation of
BLMC, which leads the propagation of convection; (3)
a rearward-tilted vertical structure of EPT, which reflects
processes of pre-moistening and pre-destabilization; (4)
a rearward-tilted vertical structure of diabatic heating,
which reflects the clouds transition; (5) APE generation,
which amplifies MJO intensity and facilitates the

Fig. 6 As in Fig. 4, but for the eddy available potential energy (APE) generation rate (K2 day−1)
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eastward propagation of MJO; and (6) zonal asymmetry
in the upper-level divergence and diabatic heating,
which indicates the formation of stratiform clouds.
Conversely, the poor models fail to simulate these struc-
tures and the eastward propagation of MJO. The poten-
tial sources of the shortcomings have been discussed,
highlighting the representation of clouds and parameter-
ization in models as playing a key role.

Figure 8 summarizes the performance skills of each
individual model in simulating the dynamic and thermo-
dynamic structures of MJO investigated in this study.
The individual CMIP5 models have PCCs (NRMSEs)
ranging from 0.56 to 0.97 (0.57 to 1.37) for the horizon-
tal structure of U850; 0.33 to 0.90 (0.45 to 0.94) for the
propagation of BLMC; 0.62 to 0.85 (0.63 to 1.27) for the
vertical structure of EPT; 0.46 to 0.87 (0.71 to 1.84) for
the vertical structure of diabatic heating; 0.34 to 0.88
(0.77 to 5.26) for the vertical structure of APE genera-
tion; 0.58 to 0.88 (0.77 to 1.50) for the horizontal struc-
ture of divergence at 250 hPa; and 0.62 to 0.89 (0.65 to
1.29) for the horizontal structure of diabatic heating at
250 hPa. Compared to the reference skills from the sim-
ulations of 24 GCM [Table 3 in Wang et al. 2018],

approximately 25% to 40% of CMIP5 models can be
considered “good” models in simulating the seven diag-
nostic fields. In other words, more than half of CMIP5
models still have difficulties regarding these dynamic/
thermodynamic structures, resulting in failure to simulate
MJO eastward propagation. Note that CNRM-CM5,
which is one of the best models at reproducing MJO
eastward propagation, has low skill in simulating the
vertical structure of APE (PCC = 0.54, NRMSE = 5.26).
This large bias is mainly due to an overestimation of
diabatic heating in the upper troposphere and underesti-
mation of the temperature anomalies in the lower tropo-
sphere over the major convective center.

Through diagnoses such as these, we provide a better
chance of understanding what model processes require im-
provement. It may also be possible to gain confidence that
subsets of models are more reliable for investigating MJO,
which may be a better choice for forecasting. The possible
reasons behind the performance of models have been
discussed, which will hopefully shed some light on ways to
reduce model biases. However, sensitivity experiments
are needed to be conducted in the future to test these possible
reasons.

Fig. 7 Horizontal structure of 20- to 70-day band-pass-filtered 250-hPa
wind (m s−1, vectors), 250-hPa divergence (day−1, contours), and 250-
hPa diabatic heating (K day−1, shading) regressed onto 20- to 70-day
band-pass-filtered precipitation over the Indian Ocean (10°S–10°N,
80°–100°E) during boreal winter (November–April) for a observations,

b the composite of good model simulations, c the composite of poor
model simulations, and d the composite of all 20 model simulations.
The regression strengths are scaled to a fixed 3 mm day−1 precipitation
rate
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