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ABSTRACT: Eastward propagation is an essential feature of the Madden-Julian oscillation (MJO). Yet, it remains a
challenge to realistically simulate it by global climate system models, and the reasons are not fully understood. This study
evaluates the capability of 20 Coupled Model Intercomparison Project phase 6 (CMIP6) models in simulating MJO’s east-
ward propagation and its intrinsic links with the dynamic—-thermodynamic structures and the background mean states, aim-
ing at better understanding the sources of the simulation errors. The metrics to evaluate the MJO internal dynamics
consists of six parameters: 1) the east-west asymmetry in the low-level circulation, 2) the boundary layer moisture conver-
gence propagation, 3) the vertical tilt of equivalent potential temperature or moist static energy, the vertical structures of
4) diabatic heating and 5) available potential energy generation, and 6) upper-level diabatic heating and divergence. We
also gauge the performance of three MJO-related background mean-state fields, including precipitation, sea surface tem-
perature, and low-level moist static energy. It is argued that these parameters are relevant internal and external factors
that could affect MJO eastward propagation. We find that the boundary layer moisture convergence is most tightly coupled
with the eastward propagation of MJO and controls the premoistening, destabilization, and the leading low-level diabatic
heating and available potential energy generation. The CMIP6 models exhibit significant improvements against CMIPS
models in simulating MJO dynamic-thermodynamic structures and the mean states. The diagnostics in this study could
help to identify the possible processes related to CMIP6 models’ shortcomings and shed light on how to improve simulation
of MJO eastward propagation in the future.
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1. Introduction

The Madden-Julian oscillation (MJO), the most prominent
tropical low-frequency oscillation, is generated in the Indian
Ocean and generally propagates eastward with a period of
30-60 days (Madden and Julian 1971, 1972). MJO affects a wide
range of extreme weathers worldwide (Zhang 2013; Wang and
Moon 2017), including tropical cyclone genesis and the turning
track (Liebmann et al. 1994; Ferreira et al. 1996; Maloney and
Hartmann 2000a,b; Hall et al. 2001; Higgins and Shi 2001; Maloney
and Hartmann 2001; Zhu et al. 2017; Ding et al. 2019), heatwaves
(Parker et al. 2014; Zhu and Li 2018; Lee and Grotjahn 2019;
Hsu et al. 2020), cold surges (Chang et al. 2005; Jeong et al.
2005; Hong and Li 2009; Park et al. 2010; Zhu and Li 2017b;
Zhang et al. 2021), rainfall extremes (Jones et al. 2004; Jones
and Carvalho 2012; Julia et al. 2012; Hirata and Grimm 2016;
Shimizu et al. 2017; Grimm 2019; Wu et al. 2023), and wildfires
(Reid et al. 2012; Zhang 2013; Nurdiati et al. 2022). MJO also
interacts with low-frequency variability [e.g., El Nifio-Southern
Oscillation (ENSO); Lau and Chan 1988; Kessler and McPhaden
1995; Moore and Kleeman 1999; Bergman et al. 2001; McPhaden
2004; Moon et al. 2011] and the atmosphere—ocean system
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(e.g., the Asian monsoon; Straub et al. 2006; Tong et al.
2009; Li et al. 2013; Chi et al. 2015; Hsu and Yang 2016; Zhu
and Li 2017a). MJO bridges weather and climate variations
(Zhang 2013) and thus is the primary predictability source for
subseasonal prediction (extended-range forecast) (Hendon et al.
2000; Jones and Schemm 2000; Zhang 2005, 2013; Kim et al.
2018).

Improving climate models’ capability in simulating MJO is cru-
cial for dynamic subseasonal prediction, while realistic simulation
of MJO in many climate models remains a great challenge. By
evaluating 14 CMIP3 models, Lin et al. (2006) found that only
4-5 models can realistically simulate MJO propagation across the
Maritime Continent (MC), and only two models reproduced
MIJO variance resembling observations. The overall performance
in simulating MJO was improved in CMIP5 models but CMIP5
models still have difficulty simulating MJO propagation. Most
CMIP5 models are capable of simulating the observed MJO var-
iances and reproduce MJO’s period of 30-70 days (Hung et al.
2013). And most CMIPS models overestimated the phase speed
of MJO (Ahn et al. 2017), and only one of the 20 models is able
to simulate a realistic eastward propagation of the MJO (Hung
et al. 2013). Chen et al. (2022) found that most CMIP5 models
underestimated the occurrence frequency of MJO, with the inter-
ruption of MJO propagation or too short propagation distance.
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Besides, the “barrier effect” of the MC is exaggerated in most of
CMIP5 models, which means that fewer MJO can propagate to
the MC (Chen et al. 2020). Ahn et al. (2020b) also showed that
the MJO propagation over MC is weak in CMIP5 models, which
is attributed to the weaker low-level moisture advection.

Not only is simulating the MJO propagation challenging,
but also understanding the theoretical cause of MJO eastward
propagation remains controversial. Global climate model (GCM)
experiments on aquaplanets have demonstrated that MJO-like
disturbance can move eastward without moist static energy
(MSE) advection by mean flows (Chen and Wang 2017, Wang
and Chen 2017; Chen and Wang 2019), suggesting that the east-
ward propagation is an intrinsic property of MJO determined by
its internal dynamics. While some studies emphasize the critical
role of MSE advection transported by MJO anomalous circula-
tions for MJO eastward propagation (Hsu and Li 2012; Zhao
et al. 2013; Jiang 2017), it has also been proposed that mixed
Rossby—gravity waves act on eastward propagation of MJO con-
vection (Yang and Ingersoll 2011; Takasuka et al. 2019, 2021).
The three-way interaction (among convective heating, equatorial
wave dynamics, and moisture feedback) theory pointed out that
boundary layer (BL) moisture convergence feedback plays a cen-
tral role in coupling equatorial Kelvin and Rossby waves with con-
vective heating. It selects a preferred eastward propagation, and
generating instability, while moisture feedback can slow down
propagation speed by enhancing Rossby wave component (Wang
et al. 2016; Wang and Chen 2017). Why does the MJO possesses a
mixed Kelvin—-Rossby wave structure? How could Kelvin and
Rossby waves, which propagate in opposite directions, couple
together with convection and select eastward propagation? The
BL frictional moisture convergence can couple convective heating
with the equatorial Kelvin and Rossby waves. Wang and Rui
(1990) showed that the Rossby wave-induced BL convergence ex-
hibits off-equatorial maximum in Rossby wave lows and an equa-
torial maximum convergence to the east of the convective heating;
on the other hand, the Kelvin wave-induced BL convergence dis-
plays an equatorial maximum in Kelvin wave low and to the east
of the convective heating. Thus, the Kelvin and Rossby waves pro-
duce a unified BL moisture convergence field that leads to (the
east of) the major convective heating. As a result, the frictional or-
ganization of convective heating can couple the Kelvin and Rossby
waves together with convective heating. The BL moisture conver-
gence can accumulate moist static energy and increase convective
instability to the east of the major convection (Hsu and Li 2012),
leading to eastward propagation of the MJO. The diagnostic analy-
sis of the propagation—structure nexus in this study is based on this
theoretical understanding.

Does the GCMs’ capability in simulating MJO structures af-
fect the simulation skills of MJO eastward propagation? Jiang
et al. (2015) linked models’ performance between the propaga-
tion and vertical tilted structure and pointed out that damped
Kelvin wave response to the east of convection in the lower tro-
posphere could be responsible for the missing MJO precondi-
tioning process. Wang and Lee (2017) demonstrated that the
MJO propagation performances are robustly correlated with
the simulated quality of an eastward propagation of boundary
layer moisture convergence and the east-west asymmetries in
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the 850-hPa equatorial zonal winds, 700-hPa diabatic heating,
1000-700-hPa equivalent potential temperature, and convective in-
stability. B. Wang et al. (2018) proposed a metrics of six dynamics-
oriented processes to show how the models’ performance in MJO
propagations are related to the east-west asymmetric structures of
the MJO, underscoring the vital roles of the boundary layer con-
vergence leading major convection in simulating MJO propaga-
tion. MJO-related convection induces an asymmetric low-level
wind field responses (Nogués-Paegle et al. 1989; Hendon and
Salby 1994; Wang and Li 1994; Li and Zhou 2009). The Kelvin
waves in the east can cause boundary layer moisture convergence
(Tromeur and Rossow 2010; Hsu and Li 2012; Chen and Wang
2019; T. Li et al. 2020), which provide water vapor and induce a
rearward-tilted equivalent potential temperature (EPT) vertical
structure, eventually increase the convective instability, and pro-
mote the generation of new convection (Hsu and Li 2012; Jiang
et al. 2015; Wang et al. 2017; T. Li et al. 2020; Hu et al. 2021). The
new convection heating at the east of MJO convection results in
an asymmetric diabatic heating vertical structure (Lin et al. 2004;
Li et al. 2009; Wang et al. 2017), then form an east-heavy available
potential energy (APE) vertical structure influenced by the tem-
perature anomaly, which is conducive to bringing more kinetic en-
ergy to the new convection (Fu and Wang 2009; Zhou et al. 2012).
The stratiform heating behind the MJO convection induces a
westward-expanding divergence at the upper level, which in
turn generates an asymmetric vertical velocity structure to pro-
mote the eastward propagation of the MJO (Fu and Wang 2009;
Wang et al. 2017; Hu and Li 2021). Moreover, the strong negative
heating to the east induces a Rossby wave response, which inten-
sify the moisture transport by the strengthened poleward flows
between the convective and dry anomalies (Kim et al. 2014;
Wang et al. 2017). Applying these metrics, J. Li et al. (2020)
found that more than half of CMIP5 models still have difficulties
in simulating these dynamic-thermodynamic structures, which
makes CMIPS models hard to simulate the eastward propagation
of the MJO.

In addition to the MJO structures, the climate backgrounds,
such as the mean states of sea surface temperature (SST),
moist static energy, and convection fields, could have signifi-
cant influence on the MJO propagation as “external” forcings.
The extent of the Indo-Pacific warm pool affects the position
and intensity of convective regions, thus modifying the MJO
propagation via amplifying (weakening) Kelvin wave response
and its coupling to MJO convection (Zhang 2005; L. Wang et al.
2018; Wang et al. 2019; Suematsu and Miura 2022). In addition,
SST can also control the distribution of seasonal mean MSE,
thereby MSE advection associated with MJO transports the
MSE to the east of the MJO convection and causes the positive
MSE tendency there (Gonzalez and Jiang 2017; Jiang 2017,
B. Wang et al. 2018; Wang and Li 2020). Realistic reproducing
the zonal asymmetry of the MSE tendency is essential to simu-
late the eastward propagation of the MJO (Wang et al. 2017,
T. Li et al. 2020). Besides the SST mean state, the mean state of
precipitation can also affect the MJO eastward propagation:
tropical large mean precipitation with abundant moisture is fa-
vorable for convective instability, leading to the rapid growth of
convectively coupled waves (Wang and Li 2017). While it can
be seen that the convectively coupled waves often interact with
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the MJO, including the processes of the MJO eastward propa-
gation since the slowly propagating large-scale MJO cloudiness
is frequently composed of relatively fast eastward convectively
coupled waves (Nakazawa 1986, 1988). Meanwhile, mean states
of moisture and wind fields also play roles in modulating the
strength of moisture advection and thus the propagation of the
MIJO (Gonzalez and Jiang 2017; Kim 2017; Kang et al. 2020).
Ahn et al. (2020b) pointed out that the improvements from
CMIP5 model to CMIP6 in simulating MJO propagation over
the MC are largely attributed to the greater horizontal moisture
advection in CMIP6 models, which is linked to the better repre-
sentation of the mean state moisture around the MC and the
more realistic intensity and convective top height of the land
convection (Ahn et al. 2020a). Therefore, accurately simulating
the background mean states is another important factor to im-
prove the simulation of the MJO eastward propagation. Al-
though previous studies have found the influence of mean states
and dynamic-thermodynamic structures on the MJO propaga-
tion, little attention has been paid to the relative contributions
of mean states and MJO structures to the simulation of MJO
eastward propagation.

Do the structures coupled with propagation and affected by
the mean states? Have the MJO structures and mean states in
the CMIP6 models improved compared to the CMIP5 models?
To address these questions, this study aims to diagnose the MJO
dynamic-thermodynamic structures and the related background
mean states simulated by CMIP6 models, quantitatively analyze
the relative contribution of the MJO dynamic-thermodynamic
structures and the background mean states to that of MJO east-
ward propagation, and explore the improvements and the remain-
ing shortcomings of CMIP6 models relative to CMIP5 models.

Section 2 introduces the data and evaluation methods. Section 3
evaluates the MJO eastward propagation simulated by the CMIP6
models. Section 4 diagnoses the dynamic and thermodynamic
structures of MJO in CMIP6 models and compares their perfor-
mance with that of the CMIPS5 models. Section 5 diagnoses the
MJO-related mean states in CMIP6 models in comparison with
CMIP5 models. Section 6 explores the relative contribution of
MJO dynamic-thermodynamic structures and background mean
states to MJO eastward propagation simulation. Section 7 pro-
vides a summary and discussion.

2. Data and methods
a. Data

The daily precipitation data from Global Precipitation Cli-
matology Project (GPCP) (Huffman et al. 2001) and daily
wind, temperature, specific humidity, sea surface temperature,
and geopotential height data from ERAS (Hersbach et al.
2020) for the period 1997-2014 were employed to extract the
observed MJO structures and related mean states.

Twenty CMIP6 models’ daily data from historical experi-
ments (rlilplfl for each model) during 1995-2014 were ap-
plied. Note that some models lack the daily SST and geopotential
height data, thus the monthly data were used to calculate the
MJO-related background mean state. All the data were interpo-
lated into 2.5° X 2.5° grids for a fair comparison. The information
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of 20 CMIP6 models and 20 CMIP5 models is shown in Table 1.
Twenty CMIPS models’ data cover the available period of
1986-2005. Both the CMIP6 and CMIP5 models’ daily data
have eight vertical levels of 1000, 850, 700, 500, 250, 100, 50
and 10 hPa. Thus, the vertical structures analyzed in this
study mainly focus on middle and lower troposphere due to
low vertical resolution of the data in the upper troposphere.

Since MJO shows more systematically organized eastward
propagation in boreal winter (Zhang 2005; B. Wang et al. 2018;
T. Li et al. 2020), this study focuses on the winter period from
1 November to 30 April. A 20-70-day bandpass filtering (Duchon
1979) is applied to extract MJO signals.

b. Methods

We use two measures to quantitatively evaluate the performance
of models. One is the pattern correlation coefficient (PCC), which
reflects the similarity between the observed and simulated fields.
The other is the domain-averaged normalized root-mean-square er-
ror (NRMSE), which measures the magnitude error. NRMSE is
the ratio of the root-mean-square error between simulation and ob-
servation to the standard deviation of observation, and is calculated

as follows:
1 m
— z (Mi - 01)2
mi=1
NRMSE = ————

lz (0, - 5)2
mi=1

; 1

where M is the simulation result and O is the observation,
m is the total number of grids, M; and O; denote the value of
simulation and observation at the i grid, respectively, and O is
the mean of all grid points for observation.

The diabatic heating rate is calculated by (Yanai et al. 1973;
Luo and Yanai 1984)
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where ¢, is the specific heat at constant pressure, 7 is tempera-
ture, u and v are zonal and meridional winds, respectively, w is
the vertical p velocity, p is pressure, and R is the gas constant.
The MSE is calculated as follows (Neelin and Held 1987):

MSE = ¢, T + gz + L,q, Q)

where ¢, is the specific heat at constant pressure, 7 is temper-
ature, g is the gravitational acceleration, z is height (geopo-
tential height is used in this study instead), L, is the latent
heat of vaporization, and g is specific humidity.

We apply the stepwise regression method to quantify the
relative contributions of the MJO structures and mean states
to the performance of MJO eastward propagation. The funda-
mental rule of stepwise regression procedure is to select the
variable with the most significant contribution and eliminate
the one highly correlated with the most significant variable
(Panofsky and Brier 1965). Thus, stepwise regression can iden-
tify the most important variables and ascertain the mutual
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TABLE 1. Information of 20 CMIP6 models and 20 CMIP5 models.

Model (CMIP6) Horizontal resolution (lon X lat)

Model (CMIPS) Horizontal resolution (lon X lat)

ACCESS-CM2 192 X 144
AWI-ESM-1-1-LR 192 X 96
BCC-ESM1 128 X 64
CanESM5 128 X 64
CESM2 288 X 192
CESM2-FV2 144 X 96
CESM2-WACCM 288 X 192
CMCC-CM2-HR4 288 X 192
CMCC-CM2-SR5 288 X 192
CMCC-ESM2 288 X 192
FGOALS-g3 180 X 80
MIROC6 256 X 128
MPI-ESM-1-2-HAM 192 X 96
MPI-ESM1-2-HR 384 x 192
MPI-ESM1-2-LR 192 X 96
MRI-ESM2-0 320 X 160
NESM3 192 X 96
NorESM2-LM 144 X 96
NorESM2-MM 288 X 192
TaiESM1 288 X 192

ACCESS1-0 192 X 144
BNU-ESM 128 X 64
CanESM2 128 X 64
CMCC-CESM 96 X 48
CMCC-CMS 192 X 96
CNRM-CM5 256 X 128
CSIRO-Mk3-6-0 192 X 96
FGOALS-g2 128 X 64
GFDL-CM3 144 X 90
GFDL-ESM2M 144 X 90
GFDL-ESM2G 144 X 90
IPSL-CM5A-LR 96 X 96
IPSL-CM5A-MR 144 X 143
IPSL-CM5B-LR 96 X 96
MIROCS 256 X 128
MIROC-ESM-CHEM 128 X 64
MIROC-ESM 128 X 64
MPI-ESM-LR 192 X 96
MRI-CGCM3 320 x 80
NorESM1-M 192 X 96

independency of selected variables. A 90% confidence level
for Fisher’s F test is used as the criterion to select vital
variables.

3. The simulated MJO eastward propagation

The MJO eastward propagation performance of the CMIP6
models is first evaluated and ranked. Then the top four mod-
els and the bottom four models are selected to compare their
main differences in simulating MJO dynamic-thermodynamic
structures and the related background mean states.

We use the time-longitude lead-lag correlation diagram,
which is constructed by 20-70-day filtered daily precipitation
averaged in 10°S-10°N and averaged precipitation within three
reference regions: the equatorial Indian Ocean (EIO; 10°S-10°N,
80°~100°E), the Maritime Continent (MC; 10°S-10°N, 110°-130°E),
and the equatorial western Pacific (EWP; 10°S-10°N, 140°-160°E)
to evaluate the simulated MJO eastward propagation perfor-
mance across the Indo-Pacific Ocean.

Figure 1 shows the time-longitude lead-lag correlation dia-
grams with reference to EIO, MC, and EWP rainfall anoma-
lies, respectively, for observation, the best model, and the worst
model. The best model (MRI-ESM2-0) reproduces the MJO
eastward propagation quite well, with PCCs from 0.93 to 0.96.
On the contrary, the worst model (CanESMS5) fails to capture
the MJO eastward propagation, characterizing by a stationary
oscillation in the reference region.

To better evaluate the overall performance of MJO east-
ward propagation, the MJO eastward propagation skill is
measured by the average of skills in three reference regions,
which is considered a more accurate method than using a sin-
gle reference region. Given that NRMSE is a stricter indicator
than PCC as it incorporates error in both pattern distribution
and amplitude, we use NRMSE to rank the performance of
20 models in simulating the MJO eastward propagation. As

shown in Fig. 2, the top four models and the bottom four
models are selected for composite analysis.

4. Relationship between MJO eastward propagation and
its dynamic-thermodynamic structures

To evaluate the models’ performance in simulating the
MJO-related dynamic-thermodynamic structures, we estimate
six dynamics-oriented metrics proposed by B. Wang et al. (2018),
which consists of 1) the structure of the low-level horizontal circu-
lation, 2) propagation of boundary layer moisture convergence
(BLMC), 3) equatorial vertical structure of equivalent potential
temperature (EPT) or moist static energy (MSE), 4) diabatic
heating, 5) MJO available potential energy (APE) generation,
and 6) upper-level diabatic heating and divergence.

Considering that the intertropical convergence zone (ITCZ)
is mainly located in the Southern Hemisphere during the boreal
winter, and its average position in EIO is closer to the equator
where the MJO-related precipitation and circulation are more
symmetric (Wang and Lee 2017; B. Wang et al. 2018), the fol-
lowing diagnostics are performed only for EIO reference point
in order to exclude the influence of the mean circulation on
MIJO propagation.

a. Low-level (850-hPa) horizontal circulation

The convective heating stimulates Kelvin wave and Rossby
wave responses on the east and west sides of the MJO convec-
tion center, respectively, and further enhancing the zonal
asymmetry of MJO thermodynamic structure and MJO east-
ward propagation (Wang et al. 2019; Chen and Wang 2020).
Figure 3a shows that in observation, the maximum speed of
Kelvin easterly wind is greater than that of Rossby westerly
wind, which differs from the Gill pattern (Gill 1980). This is
because the MJO heating and circulation is interactive while
in the theoretical solution of Gill model circulation is only the
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FIG. 1. The time-longitude lead-lag correlation diagram of the 20-70-day filtered precipitation averaged over 10°S-10°N and the 20-70-day
filtered precipitation averaged over the (a) EIO (10°S-10°N, 80°-100°E), (b) MC (10°S-10°N, 110°-130°E), and (c) EWP (10°S-10°N,
140°-160°E) from (left) the observation, (center) the best model, and (right) the worst model. The PCC or NRMSE skill is calculated where
the absolute value in observation greater than 0.2 in the domains outlined by red curves within S50°E-180°. The regions 85°-95°E for the EIO,
115°-125°E for the MC, and 145°-155°E for the EWP are excluded when calculating the PCC or NRMSE.

passive response to the prescribed heating (Wang and Lee 2017;
B. Wang et al. 2018; J. Li et al. 2020). The top four model com-
posite indicates that the Kelvin wave has stronger intensity than
that of Rossby wave, and the positions and zonal extent of maxi-
mum Kelvin easterly and maximum Rossby westerly are similar
to observations (Fig. 3b). For the bottom four models, the Kelvin
easterly wind intensity is much weaker, and the zonal range is
much smaller than observation, which cannot extend to the east
of the MC (Fig. 3c).

The relationship between the simulated 850-hPa zonal wind
skill (calculated over 15°S-15°N, 50°-160°E) and the MJO
eastward propagation skill offers insight into the link between
the 850-hPa zonal wind simulation and MJO eastward propa-
gation (Fig. 3d). The two skills exhibit a strong positive corre-
lation, with a correlation coefficient (CC) of 0.76 (p < 0.01;
two-tailed Student’s ¢ test). To further quantitively measure
the asymmetry of the relative intensity of Kelvin wave and

Rossby wave, a U850 asymmetry index is calculated as the ra-
tio of the maximum westerly speed versus the maximum east-
erly speed (both of which are averaged between 5°S and 5°N)
(Wang and Lee 2017). For observation, the ratio is 0.86. The re-
lationship between the U850 asymmetry index and the MJO
eastward propagation skill is shown in Fig. 3e. The U850 asym-
metry index closer to the observation tends to be associated
with better MJO propagation performance. The CC between
the U850 asymmetry index and PCC of the MJO eastward
propagation is —0.55 (p < 0.05).

b. Eastward propagation of boundary layer moisture
convergence

The three-way interaction theory pointed out that BLMC
feedback that couples equatorial Kelvin and Rossby waves with
convective heating and selects a preferred eastward propagation
(Wang et al. 2016; Wang and Chen 2017), so whether the model
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FIG. 2. The NRMSE skills of 20 CMIP6 models related to EIO, MC, EWP, and the average
values of the three. Names of the best model (MRI-ESM2-0) and the worst model (CanESMS5)

are labeled in red.

can reproduce the BLMC process could significantly impact the
simulation of the MJO eastward propagation (Hung et al.
2013).

Figure 4a displays the observed time-longitude lead-lag correla-
tion between the 5°N-5°S averaged 850-hPa moisture divergence
and the EIO areal mean precipitation. The observed BLMC has
the characteristics of eastward propagation and leads precipitation
propagation by about 5 days (Wang and Lee 2017; B. Wang et al.
2018; J. Li et al. 2020). The top four models reproduce the eastward
propagation of BLMC, but still underestimate the spatial extent of
BLMC propagation, which only extends to the east of 120°E, and
leads precipitation by a shorter lead time (Fig. 4b). In the bottom
four models, BLMC stagnates around the reference region with the
same phase as in precipitation, suggesting the failure in simulating
the leading phase and spatial extent of BLMC eastward propaga-
tion (Fig. 4c).

Figure 4d shows the scatter diagram for PCC scores of
BLMC and the MJO eastward propagation. A significant rela-
tionship is found with a CC of 0.94 (p < 0.01), suggesting that
the performance of the simulated BLMC eastward propagation
is a forerunner of the simulated MJO eastward propagation.

c. Vertical structure of the equivalent potential
temperature

The asymmetric vertical structure of the EPT is another
characteristic feature for the MJO propagation (Hsu and Li
2012; Jiang et al. 2015). The model’s performance in simulating
the vertical structure of the EPT hints whether the model can
accurately reproduce the predestabilizing conditions. Figure 5
displays the vertical-longitudinal profile of the EPT averaged
over 5°S-5°N. The profiles of EPT are normalized by their re-
spective maximum to focus on its structure rather than the
strength because almost all models overestimate the amplitude of
the EPT response (figure not shown). The observation shows the
maximum EPT response is at 500 hPa, and there is a rearward
tilt with height below 500 hPa, in which the EPT extends
eastward and downward from the middle troposphere of the

convective center to about 150°E in the lower troposphere
(Fig. 5a). To the east of the convection center, increased
low-level positive EPT anomalies can intensify the vertical
gradient of the EPT, then enhances the instability of the at-
mosphere and promotes the development of convection
center (J. Li et al. 2020). Composite of the top four models
captures the rearward-tilted structure of the EPT (Fig. 5b).
For the bottom four models, the EPT response is confined to
the deep convection region and is quasi-symmetric (Fig. Sc). It
indicates that the bottom four models could not reproduce the
predestabilizing process.

As no notable distinction exists between the PCC skills of
vertical structure from the top four and bottom four models
(figure not shown), we calculate a convective instability index
to quantitatively measure the predestabilization to the east of
MJO convection center. The convective instability index is de-
fined as the difference between 700- and 500-hPa normalized
EPT (i.e., EPT790 — EPT5¢ in the range of 130°-160°E). It is
an approximate reflection of the EPT vertical gradient to the
east of the convection in the mid- to lower troposphere. The
observed convective instability index (CII) is 0.19, the top
four model composite is 0.16, and bottom four model composite
is 0.04. The convective instability indexes simulated by nearly all
models are underestimated. Despite the common weakness,
models with a more realistic CII exhibit higher MJO propaga-
tion skill (Fig. 5d). The CC between the two is 0.56 (p < 0.05),
indicating that the simulation of the predestabilizing process
represented by the rearward-tilted structure of EPT is indicative
of the MJO eastward propagation to a certain extent.

d. Vertical structure of diabatic heating

Diabatic heating also exhibits a zonal asymmetric tilted verti-
cal structure around the MJO convection center. The diabatic
heating in the front and the rear of the convection center is con-
centrated in the low and upper levels, respectively (Jiang et al.
2011; Ling and Zhang 2011; Ma and Jiang 2021). Both the low-
level and upper-level heating could enhance the eastward
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FIG. 3. The 20-70-day filtered 850-hPa horizontal winds (m s~ !; vectors) and 850-hPa zonal wind (m s~ '; shading)
regressed onto the 20-70-day filtered precipitation over the EIO (10°S-10°N, 80°~100°E) for (a) observation, (b) com-
posite of the top four models, (c) composite of the bottom four models, the regression strengths are scaled to a fixed
3 mm day ! precipitation rate, the center of EIO is marked by a green filled circle. The PCC of 850-hPa zonal wind is
calculated in the black box (15°S-15°N, 50°~160°E). The U850 asymmetry indexes for observation and each compos-
ite, as well as the 850-hPa zonal wind PCC for each composite, are shown in the corresponding upper right corner.
(d) The relationship between the PCC skills of 850-hPa zonal wind and MJO eastward propagation. (¢) The relation-
ship between the U850 asymmetry indexes and the MJO eastward propagation PCC skills, where the black dot is the

observed U850 asymmetry index.

propagation of the MJO (Seo and Wang 2010; Lappen and
Schumacher 2014; Wang et al. 2017; Hu and Li 2021).

The models generally overestimate the diabatic heating
rate and are therefore normalized by their respective maxi-
mum. The observed vertical structure of diabatic heating rate
averaged over 5°S-5°N is displayed in Fig. 6a. The distribution
of observed diabatic heating shows that the low-level diabatic
heating to the east of the convection is stronger than that to
the west, and the upper-tropospheric diabatic heating extends
westward to near 60°E. Note that the top four models repro-
duce these features to some extent, but the range of the dia-
batic heating in the upper level is limited (Fig. 6b). For the

bottom four models, the diabatic heating is confined to the
narrower region near the convective center, which fails to sim-
ulate the asymmetry of the diabatic heating vertical structure
(Fig. 6¢).

Considering that the most significant asymmetric feature of
diabatic heating occurred at the low level, and the CMIP6 mod-
els have a coarse resolution in the upper level, large biases oc-
cur when calculating the d7/9p term of the upper-level diabatic
heating rate. Therefore, we calculate the PCC of diabatic heat-
ing structure from 1000 to 500 hPa, which exhibits a high corre-
lation coefficient of 0.74 with MJO eastward propagation PCC
(p < 0.01; Fig. 6d). And a low-level diabatic heating index used
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FIG. 4. The time-longitude lead-lag correlation diagram of the 20-70-day filtered 850-hPa moisture divergence (av-
eraged over 5°S-5°N; shading) and precipitation (averaged over 10°S-10°N; contours) correlated with the 20-70-day
filtered precipitation averaged over the EIO (10°S-10°N, 80°~100°E) for (a) observation, (b) composite of the top
four models, and (c) composite of the bottom four models. The PCC of each composite is shown in the corresponding
upper-right corner. (d) The relationship between the PCC skills of the BLMC propagation (calculated where the ab-
solute value of the correlation coefficient in observation is greater than 0.2 and located outside 85°-95°E) and the

MIJO eastward-propagation PCC skills.

to measure the asymmetry of low-level diabatic heating is defined
as the difference between the 700-hPa east (90°~160°E) and west
(60°-90°E) normalized diabatic heating rate: Qe — Q0w-
From Fig. 6e, the diabatic heating index and PCC of the MJO
eastward propagation have a significant relationship with a CC of
0.75 (p < 0.01).

e. Vertical structure of available potential
energy generation

As the energy source of the MJO development, the APE
can amplify the MJO disturbance to the east of the convective
center and favor for the eastward propagation of the MJO
(Hendon and Salby 1994; Salby and Hendon 1994; Jiang et al.
2015). In observation (Fig. 7a), the APE generation has a zonal
asymmetric tilted vertical structure like the EPT and the dia-
batic heating structures, which is attributed to the asymmetric
response of the Rossby wave and the Kelvin wave to the MJO

convection center (Wang and Lee 2017). The asymmetry is
most significant in the middle and lower troposphere. The more
APE generation to the east of the convection center can be con-
verted into more MJO kinetic energy, which is conducive to the
eastward propagation of the MJO (Zhou et al. 2012). The asym-
metry of the APE generation in the top four models is well re-
produced (Fig. 7b), while the bottom four models tend to
simulate a more symmetrical APE structure (Fig. 7c).

Similarly, we calculated the PCC of APE structure from
1000 to 500 hPa. Figure 7d shows the relationship between the
PCC skills of APE structure and MJO eastward propagation,
revealing a CC of 0.61 (p < 0.01). To quantitatively measure
the intensity of APE in the middle and lower troposphere to the
east of convection, an APE index is defined as the average of
normalized APE generation in 110°~145°E from 850 to 500 hPa.
The relationship between the APE index and PCC of the MJO
eastward propagation (Fig. 7e) shows that the two have a signifi-
cant correlation with a CC of 0.78 (p < 0.01).
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FIG. 5. The 20-70-day filtered EPT vertical structure (K; averaged over 5°S-5°N) regressed onto 20-70-day filtered pre-
cipitation over the EIO (10°S-10°N, 80°~100°E) for (a) observation, (b) composite of the top four models, and (c) compos-
ite of the bottom four models. All the results are normalized by their respective maximum. The convective instability in-
dexes of observation and each composite are shown in the corresponding upper-right corner. The purple and green lines
are where involved in the convective instability index calculation (130°~160°E at 500 and 700 hPa). (d) The relationship
between the convective instability indexes and the MJO eastward propagation PCC skills, where the black dot is the ob-

served convective instability index.

f- Upper-level (250-hPa) diabatic heating and
horizontal divergence

The upper-level divergence, which reflects the transition
from deep convective to stratiform clouds, is also one of
the indicators of MJO eastward propagation (Adames and
Wallace 2014; Wang et al. 2017; Hu et al. 2021). Figure 8a
shows the observed horizontal structure of the 250-hPa
winds, divergence, and diabatic heating rate. The observed
upper-level equatorial Rossby easterlies to the west of the
convection center are much stronger than the equatorial
Kelvin westerlies to the east, which is opposite to that at
the lower troposphere (850 hPa) in observation (Fig. 3a).
The divergence center overlays the convective center and
extends westward, and convergence appears to the east of
the convective center. This structure is conducive to form-
ing the vertical overturning circulation associated with the
eastward propagation of the MJO (Wang et al. 2017; Hu
et al. 2021). The top four models can reproduce the zonal

asymmetry of wind speed and the westward expansion in
the upper level (Fig. 8b). But in the bottom four models,
the diabatic heating and divergence are concentrated in a
relatively smaller region, and no obvious zonal asymmetry
of wind speed is observed (Fig. 8c). The sinking motion
corresponding to the convergence in the west of the con-
vection in the bottom four models may hinder the east-
ward propagation of the MJO (Wang et al. 2017).

Since the difference between the observed and the sim-
ulated divergence is mainly reflected in the magnitude
of the error, NRMSE is used instead of PCC here. The
NRMSE skill for upper-level divergence is calculated over
15°S-15°N, 50°-160°E, where the region covers major di-
vergence and convergence area related to the MJO propa-
gation. Figure 8d shows that the models with smaller
upper-level divergence simulation error usually can repro-
duce the MJO eastward propagation better, with a CC be-
tween the two of —0.54 (p < 0.05).
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FIG. 6. The 20-70-day filtered diabatic heating rate vertical structure (K day '; averaged over 5°S-5°N) regressed
onto 20-70-day filtered precipitation over the EIO (10°S-10°N, 80°~100°E) for (a) observation, (b) composite of the top
four models, and (c) composite of the bottom four models. All the results are normalized by their respective maximum.
The diabatic heating indexes for observation and each composite, as well as the diabatic heating structure PCC for each
composite, are shown in the corresponding upper-right corner. The purple and green lines are where involved in the di-
abatic heating index calculation (90°-160°E and 60°—90°E at 700 hPa). (d) The relationship between the PCC skills of di-
abatic heating structure and MJO eastward propagation. (¢) The relationship between the diabatic heating indexes and
the MJO eastward-propagation PCC skills, where the black dot is the observed diabatic heating index.

g Comparison of MJO structure simulation skills the CMIPS models? To address this question, we compare

between CMIP6 and CMIP5 models the performance of CMIP5 models and CMIP6 models

in term of the PCC and NRMSE skills for each dynamic—

Do the CMIP6 models improve the simulation of the thermodynamic metric to explore the remaining shortcom-
MJO dynamic and thermodynamic structures compared to  ings and improvements of the CMIP6 models.
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FIG. 7. The 20-70-day filtered APE generation vertical structure (K day !, averaged over 5°S-5°N) regressed onto
20-70-day filtered precipitation over the EIO (10°S-10°N, 80°~100°E) for (a) observation, (b) composite of the top
four models, and (c) composite of the bottom four models. All the results are normalized by their respective maxi-
mum. The APE indexes for observation and each composite, as well as the APE structure PCC for each composite,
are shown in the corresponding upper-right corner. The green box is where involved in the APE index calculation
(110°~145°E from 850 to 500 hPa). (d) The relationship between the PCC skills of APE structure and MJO eastward
propagation. (¢) The relationship between the APE indexes and the MJO eastward-propagation PCC skills, where

the black dot is the observed APE index.

The skills of individual CMIP6 and CMIP5 models for each
metric are shown in Fig. 9. In general, CMIP6 models are
more skillful than the CMIP5 models in terms of skill spread
and averaged skill of individual models.

Table 2 summarizes how much progress has been made
from CMIPS to CMIP6. The significant progress (passing the

one-tailed Student’s ¢ test with 95% confidence level) from
CMIP5 to CMIP6 is concentrated in the following aspects:
1) 850-hPa zonal wind, 2) BLMC propagation, 3) vertical
structure of diabatic heating, and 4) upper-level divergence.
Nevertheless, no significant progress has been made with re-
spect to the EPT, APE vertical structure and the upper-level
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FIG. 8. The 20-70-day filtered 250-hPa horizontal wind (m s~ '; vectors), 250-hPa diabatic heating (K day'; con-
tours) and 250-hPa divergence (day™'; shading) regressed onto 20-70-day filtered precipitation over the EIO (10°S—
10°N, 80°~100°E) for (a) observation, (b) composite of the top four models, (c) composite of the bottom four models.
The regression strengths are scaled to a fixed 3 mm day ! precipitation rate, the center of EIO is marked by a blue
filled circle. The NRMSE of 250-hPa divergence is calculated in the black box (15°S-15°N, 50°-160°E), and NRMSE
of each composite is shown in the corresponding upper-right corner. (d) The relationship between the 250-hPa diver-
gence NRMSE skills and the MJO eastward-propagation PCC skills.

diabatic heating. It is suggested that more attention should be
paid to CMIP6 models’ physics in replicating the interaction
between boundary layer convergence and shallow-congestus
clouds, the transportation of moisture and heat from the
boundary layer to lower troposphere, and representation of
the stratiform cloud (Ling et al. 2013; B. Wang et al. 2018;
Yang and Wang 2019).

5. Relationship between MJO eastward propagation and
related mean states

In addition to the MJO dynamic-thermodynamic struc-
tures, the mean states of the background fields also influence
the development and propagation of the MJO (Wang and Xie
1997; Inness et al. 2003; Wang et al. 2016; Ling et al. 2017;
Wang and Li 2017; Hu and Li 2021; Suematsu et al. 2022).
Therefore, the mean states of precipitation, sea surface tem-
perature, and low-level moist static energy during boreal win-
ter are also evaluated. The relationships between these mean
states and the MJO eastward propagation are explored.

Meanwhile, performance of these mean states simulated by
CMIP5 and CMIP6 models are compared.

a. Mean state of precipitation

By diagnosing the mean state precipitation simulated by
the models, it could estimate whether the models can provide
realistic water vapor for convectively coupled waves and MJO
eastward propagation. In observation, boreal winter-mean
precipitation is mainly distributed in the EIO, the MC, and
the EWP (Fig. 10a). Maximum precipitation slightly shifts to
the Southern Hemisphere due to the warmest SST located
in the Southern Hemisphere during boreal winter. Because
the maximum variability of MJO occurs in the area with maxi-
mum mean precipitation (Zhang and Dong 2004), 15°S-5°N,
65°-170°E is selected as the key region to evaluate the precipi-
tation mean state. Both the top four and bottom four models
can simulate the approximate position of maximum precipita-
tion (Figs. 10b,c), while the spatial distribution and intensity
of precipitation simulated by top four models resemble the
observation more closely (Figs. 10d,e). The bottom four
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F1G. 9. The PCC and NRMSE skills for CMIP6 and CMIPS models of (a) 850-hPa zonal wind, (b) propagation of BLMC, (c) vertical
structure of the EPT, (d) vertical structure of diabatic heating, (e) vertical structure of APE generation, (f) 250-hPa diabatic heating, and
(g) 250-hPa divergence. The skills of 850-hPa zonal wind, 250-hPa diabatic heating, and 250-hPa divergence are calculated over 15°S-15°N,
50°-160°E. The skills of EPT, diabatic heating, and APE generation vertical structures are calculated from 1000 to 500 hPa, and the longitu-
dinal range between 85° and 95°E is excluded. The PCC of BLMC propagation is calculated where the absolute value of the correlation co-

efficient is greater than 0.2 and located outside 85°-95°E.

models have a larger bias, especially overestimating the mean
precipitation over the central MC.

The PCC of mean precipitation is closely associated with
that of the MJO eastward propagation with the CC of 0.72
(p < 0.01) (Fig. 10f), emphasizing the importance of good
representation of mean precipitation in simulating the MJO
eastward propagation.

b. Mean state of sea surface temperature

The SST mean state can influence the MJO-related MSE
advection (Gonzalez and Jiang 2017; Jiang 2017; B. Wang
et al. 2018; Wang and Li 2020) and amplitude of Kelvin wave
response (Zhang 2005; L. Wang et al. 2018; Wang et al. 2019),
thereby affecting the eastward propagation of MJO. There-
fore, reasonable simulation of the SST mean state is one of
the bases for the realistic simulation of the MJO. The mean
state of the observed SST is shown in Fig. 11a. In the Indian

Ocean, SST decreases poleward from the equator. In the
western Pacific, SST maximum appears in the south of the
equator. Both the top four and bottom four models can repro-
duce the pattern of SST (Figs. 11b,c). The top four models
have warmer SST bias, while the bottom four models simulate
noticeably colder SST (Figs. 11d,e). Consistent with observa-
tional studies (Hirata et al. 2013; Suematsu and Miura 2018)
and simulation result analysis (Kim et al. 2016), the cold bias
over the western Pacific inhibits MJO propagation, while the
warm bias supports MJO propagation. Even the warm bias in
the top four models may overly (or spuriously) enhance the
MJO propagation.

Considering that the models often have systematical SST
biases covering large domains, a broad region (20°S-20°N,
45°-170°E) is selected. Besides, the main differences between
the top four and bottom four models in simulating SST mean
state involve amplitude. Therefore, the NRMSE score, which
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TABLE 2. The PCC and NRMSE skills of MJO dynamic-thermodynamic structures for CMIP5 models and CMIP6 models, boldface
denotes a significant improvement from CMIP5 to CMIP6 (based on a one-tailed Student’s ¢ test with 95% confidence level).

Average skill of
CMIP5 models

Diagnostic metrics

Average skill of
CMIP6 models

850-hPa zonal wind PCC
NRMSE
Propagation of BLMC PCC
NRMSE
Vertical structure of EPT PCC
NRMSE
Vertical structure of diabatic heating PCC
NRMSE
Vertical structure of APE PCC
NRMSE
250-hPa diabatic heating PCC
NRMSE
250-hPa divergence PCC
NRMSE

0.71 PCC 0.76
0.86 NRMSE 0.79
0.68 PCC 0.79
0.74 NRMSE 0.63
0.78 PCC 0.79
0.94 NRMSE 0.98
0.70 PCC 0.76
0.88 NRMSE 0.76
0.42 PCC 0.53
122 NRMSE 1.16
0.76 PCC 0.79
0.91 NRMSE 0.85
0.69 PCC 0.75
1.17 NRMSE 0.99

reflects bias in both spatial pattern and amplitude, is used to mea-
sure the performance of SST mean state rather than the PCC.
The CC between NRMSE of SST and PCC of the MJO eastward
propagation is —0.71 (p < 0.01), suggesting that the model with
better performance in simulating SST mean state tends to have
more realistic MJO eastward propagation (Fig. 11f).

c. Mean state of low-level (850-hPa) moist static energy

The eastward propagation of the MJO is hinted by the pos-
itive MSE tendency ahead of its convection center (Wang
et al. 2017; Hu and Li 2021; Hu et al. 2021), which is notably
affected by low-level horizontal advection of the MSE and
the low-level background MSE (Gonzalez and Jiang 2017,
Jiang 2017; Wang et al. 2017). Therefore, whether the model
can realistically simulate the MSE background mean state
may determine the model’s performance in reproducing the
low-level MSE advection and the eastward propagation of
the MJO.

The distribution of the MSE mean state is similar to the
precipitation in observation (i.e., the larger MSE extends from
the equatorial eastern Indian Ocean to the EWP with the larg-
est value over MC; Fig. 12a). Therefore, the key region is de-
fined as 15°S-5°N, 65°E-180°. Both the top four and bottom
four models have the capability to capture the maximum MSE
occurring in the MC. (Figs. 12b,c). However, the top four mod-
els exhibit only slight bias from the observed intensity of MSE,
while the bottom four models significantly underestimate it,
particularly in the EWP and the western region of the MC.
(Figs. 12d,e). The CC between the PCC skill of the low-level
MSE mean state and the MJO eastward propagation is 0.42
(p < 0.1; Fig. 12f). It indicates that the simulation of low-level
MSE mean state also play some role in models’ performance
on the eastward propagation of MJO.

Note that the PCC of 850-hPa specific humidity mean
state is significantly correlated with that of MJO propaga-
tion (CC = 0.43; figure not shown). In the meanwhile, the
PCC of 850-hPa specific humidity mean state is also highly

correlated with the PCC of the 850-hPa MSE mean state
with a CC of 0.86. This suggests the model’s capability in
simulating mean state of MSE closely reflects its perfor-
mance in simulating specific humidity mean state.

d. Comparison of MJO-related mean state skills between
CMIP6 and CMIP5 models

We also compared the average skills of CMIP6 and CMIP5
models in simulating the three mean states (Table 3). The
CMIP6 models show significant improvements for all these
mean states, particularly for SST mean state, both PCC and
NRMSE skills are better than CMIP5 models.

6. Relative contribution of MJO dynamic-
thermodynamic structures and mean states to MJO
eastward propagation simulation

Nine metrics of MJO structure mentioned above (i.e., PCC of
850-hPa zonal wind, U850 asymmetry index, PCC of BLMC
propagation, CII, PCC of diabatic heating structure, diabatic
heating index, PCC of APE structure, APE index, NRMSE of
upper-level divergence. The definitions or calculation methods
of the metrics are summarized in Table 4), and three MJO-
related mean state skills (PCCs of precipitation, low-level MSE
mean state, and NRMSE of SST mean state) are used to assess
relative contribution of the MJO dynamic-thermodynamic
structures and the mean states related to MJO eastward propa-
gation. Taking their mutual independence into account, the
stepwise regression method is applied to detect their relative
contribution. All skills and indexes are standardized before the
regression equation is established.

a. Relative contribution of MJO dynamic and
thermodynamic structures to MJO eastward
propagation performance

After the procedure of stepwise regression, the PCC of
BLMC, the CII and the U850 asymmetry index are selected to

Brought to you by Nanjing University of Information Science and Technology | Unauthenticated | Downloaded 02/28/24 12:04 AM UTC



15 MARCH 2024

30°N

XIANG ET AL.

2049

20°N
10°N

0° -

10°S

(a) OBS (d) Top four models minus OBS
30°N - S
20°N i \ )'/ i
'/ b IGQS - —
] \ :
] * N i S
/ﬁ "‘ Z 3 - -

20°S

9

4 )

30°s T

40°E 60°E 80°E 100°E  120°E  140°E  160°E 180°

(b) Top four models PCC=0.77

30°N

20°N

10°N

10°S

20°S 1

30°S

40°E 60°E 80°E 100°E  120°E  140°E  160°E

(c) Bottom four models

60°E

80°E 100°E  120°E  140°E  160°E 180°

T T T T T T T

40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°
(e) Bottom four models minus OBS

30°N x 7

20°N

10°N

10°S

20°5 )

100°E  120°E  140°E  160°E

(f) precipitation PCC corr=0.72
] G”%
0.9 ] o <
o 2
0.8 4 i

0.7 o

0.6 4o o

MJO eastward propagation PCC

8

e s e e s RS R
0.2 oO. 0. 0. 0. 0. 0.8

2 4 6 8 10 12 14 precipitation PCC
O  ACCESS-CM2 * CESM2 > CMCC-CM2-SR5 O MPI-ESM-1-2-HAM % NESM3
O AWI-ESM-1-1-LR CESM2-FV2 A CMCC-ESM2 ¢ MPI-ESM1-2-HR <& NorESM2-LM
¢ BCC-ESM1 <& CESM2-WACCM FGOALS-g3 © MPI-ESM1-2-LR < NorESM2-MM
% CanESM5 < CMCC-CM2-HR4 o MIROC6 2 MRI-ESM2-0 > TaiESM1

FIG. 10. Precipitation mean state during boreal winter (mm day ') in (a) observation, (b) composite of the top
four models, and (c) composite of the bottom four models. The PCC of each composite is shown in the corresponding
upper-right corner. The difference between simulation and observation for (d) the top four models and (e) the bottom
four models. The key region is outlined by the black box (15°S-5°N, 65°~170°E). (f) The relationship between the
PCC skills of precipitation mean state (calculated over the key region) and the MJO eastward propagation.

build the regression equation. The multiple regression equation
for the PCC of MJO eastward propagation reconstructed by
MIJO structure metrics is

PCC = 0.81 X PCC 0.17

BLMC
X Indexussmsymmelry + 0.14 X CII

4)

MJOeastwardpropagation

(90% confidence level for Fisher’s F test).

It can yield a CC of 0.96 when representing the MJO east-
ward propagation (Fig. 13), suggesting that these three metrics
can well represent the performance of MJO eastward propaga-
tion. Therefore, the capability to simulate BLMC propagation
plays a crucial role, contributing more than 4 times that of the
other two indexes. It indicates that more attention should be
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paid to the simulation of BLMC propagation when improving
the MJO eastward propagation simulation from the perspective
of MJO dynamic-thermodynamic structure.

b. Relative contribution of mean state to MJO eastward
propagation performance

Similarly, the multiple regression equation for the skill of MJO
eastward propagation reconstructed by the mean state skills is

PCC = 0.43 X PCC —0.39

MJOeastwardpropagation precipitation

X NRMSE )
(90% confidence level).
The skills of mean state of precipitation and SST can provide

a CC of 0.77 for representing MJO propagation skill (Fig. 13).
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FIG. 11. SST mean state during boreal winter (°C) in (a) observation, (b) composite of the top four models, and
(c) composite of the bottom four models. The NRMSE of each composite is shown in the corresponding upper-right
corner. The difference between simulation and observation for (d) the top four models and (e) the bottom four mod-
els. The key region is outlined by the black box (20°S-20°N, 45°-170°E). (f) The relationship between the SST mean
state NRMSE skills (calculated over the key region) and the MJO eastward propagation PCC skills.

The contributions of performance of precipitation mean state
and the SST mean state are similar, indicating that the better
simulating of precipitation mean state and SST mean state the
better reproducing the MJO eastward propagation.

c. Contribution of both the MJO structures and
mean states

When MJO dynamic-thermodynamic structures and mean
states of MJO are all taken into account, the regression equa-
tion obtained is as follows:

PCC = 0.70 X PCC —0.24

MIJOeastwardpropagation BLMC

X NRMSEg, + 020 X CIT  (6)

(90% confidence level).
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In this case, a CC of 0.97 can be yielded (Fig. 13), and BLMC
propagation is also the most crucial factor. And the contribution
of SST mean state NRMSE is similar to that of the CII.

d. Correlation between MJO structure indexes and mean
state skills

What is the relationship between the performance of MJO
structures and mean states and among each other? To address
this question, we further calculate the correlation coefficients
between the MJO structure skills, MJO structure indexes,
MJO-related mean state skills, and their correlations with
each other (Table 5). Most MJO structures are significantly
correlated with mean states (especially precipitation and
SST), suggesting that the improvement of mean state simula-
tion is conducive to promoting models’ performance on MJO
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FIG. 12. The 850-hPa MSE mean state during boreal winter (10° J kg™ ') in (a) observations, (b) the composite of
the top four models, and (c) the composite of the bottom four models. The PCCs of each composite are shown in the
corresponding upper-right corner. The difference between simulation and observation for (d) the top four models and
(e) the bottom four models. The key region is outlined by the black box (15°S-5°N, 65°E~180°). (f) The relationship
between the PCC skills of MSE mean state (calculated over the key region) and the MJO eastward propagation.

dynamic-thermodynamic structures. Meanwhile, skills or in- creates convective instability there, resulting in the zonally
dexes of MJO structure may link to each other due to their —asymmetric, east-heavy heating and APE (Wang and Lee 2017).
physical connection. For example, the BLMC moistens the The correlation coefficients between the above skills and in-
lower troposphere to the east of the MJO precipitation and dexes and MJO eastward propagation PCC are also shown in the

TABLE 3. The PCC and NRMSE skills for mean states of CMIP5 and CMIP6 models, in which the statistically significant
improvement at 95% confidence level from CMIP5 to CMIP6 (based on a one-tailed Student’s ¢ test) is labeled in boldface.

Average skill of Average skill of

Diagnostic metrics CMIP5 models CMIP6 models
Precipitation mean state PCC 0.51 PCC 0.59
NRMSE 1.28 NRMSE 121
SST mean state PCC 0.87 PCC 0.91
NRMSE 1.00 NRMSE 0.76
850-hPa MSE mean state PCC 0.80 PCC 0.84
NRMSE 1.90 NRMSE 0.91
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TABLE 4. Definitions or calculation methods of the MJO structure skills, MJO structure indexes, and mean state skills.

Metrics

Definition/calculation method

PCC of 850-hPa zonal wind
U850 asymmetry index

PCC of 850-hPa zonal winds calculated over 15°S-15°N, 50°-160°E
Ratio of the maximum westerly speed vs the maximum easterly speed (both of which are

averaged between 5°S and 5°N)

PCC of BLMC propagation

PCC of the BLMC time-longitude lead-lag correlation diagram, calculated where the

absolute value of the correlation coefficient in observation is greater than 0.2 and
located outside 85°-95°E

Convective instability index
130°~160°E
PCC of diabatic heating structure

Difference between 700- and 500-hPa normalized EPT (EPT;oy — EPTsq) in the range of

PCC of the diabatic heating vertical structure, calculated from 1000 to 500 hPa, and the

longitudinal range between 85° and 95°E is excluded

Diabatic heating index

Difference between the 700-hPa east (90°~160°E) and west (60°~90°E) normalized diabatic

heating rate (Q700 — Q700,w)

PCC of APE structure

PCC of the APE generation vertical structure, calculated from 1000 to 500 hPa, and the

longitudinal range between 85° and 95°E is excluded

APE index

NRMSE of upper-level divergence
PCC of precipitation mean state
NRMSE of SST mean state

PCC of low-level MSE mean state

Average of normalized APE generation in 110°~145°E from 850 to 500 hPa
NRMSE of 250-hPa divergence, calculated over 15°S-15°N, 50°-160°E

PCC of boreal winter-mean precipitation, calculated over 15°S-5°N, 65°~170°E
NRMSE of boreal winter-mean SST, calculated over 20°S-20°N, 45°-170°E
PCC of boreal winter-mean precipitation, calculated over 15°S-5°N, 65°E-180°

bottom row of Table 5 for comparison. The correlation coefficient
between models’ performance on BLMC propagation and MJO
eastward propagation is the highest (CC = 0.94) among these.
The absolute values of correlation coefficients between other skills
or indexes and MJO eastward propagation PCC ranged from 0.42
to 0.78, all of which are significant at the 90% confidence level.

7. Summary and discussion
a. Summary

Although considerable progress has been made in recent
years, notable shortcomings still exist for the simulations of

c
o
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FIG. 13. The relationship between the standardized MJO eastward
propagation PCC skills of 20 CMIP6 models and those calculated by
the multiple regression equations (regression equations for MJO
eastward-propagation PCC and MJO structures, MJO eastward-
propagation PCC and mean states, MJO eastward-propagation PCC
and both of MJO structures and mean states). The fitting line is ob-
tained by least squares.

MIJO propagation in GCMs. To assess the GCM’s performance
on MJO eastward propagation and reasons for possible short-
comings, six MJO dynamic-thermodynamic structures and three
MIJO-related mean states are evaluated. Here, 20 CMIP5 and
20 CMIP6 models are compared to see how much progress has
been made and what the long-living shortcomings are. Then the
relative contribution of the above nine metrics to the perfor-
mance of MJO propagation is further explored.

In the models, MJO eastward propagation demonstrates a
strong intrinsic link with the MJO dynamic-thermodynamic
structures. The models with a better MJO eastward propaga-
tion capability exhibit similar characteristics of MJO structures
to observation: 1) stronger intensity and larger extent of low-
level Kelvin easterly, 2) eastward propagation of BLMC which
leads the convection, 3) the zonal asymmetric vertical structure
of the EPT, 4) the diabatic heating, 5) the APE generation, and
6) zonal asymmetry upper-level diabatic heating and divergence.
On the contrary, the bottom four models fail to reproduce these
features. CMIP6 models show significant improvements in simu-
lating low-level zonal wind, BLMC propagation, vertical structure
of diabatic heating, and upper-level divergence compared to
CMIP5 models. However, no significant improvements in simu-
lating the vertical structure of EPT and APE, as well as upper-
level diabatic heating are found from CMIP5 to CMIP6 models.
It may indicate models’ problems in representing the transporta-
tion of moisture and heat from the boundary layer to lower tro-
posphere and the formation of stratiform clouds (Ling et al. 2013;
B. Wang et al. 2018; Yang and Wang 2019).

Apart from the intrinsic MJO structure-propagation nexus,
the mean states, serving as external factors, can also influence
the simulation of MJO eastward propagation. The models
with more realistic mean states of boreal-winter precipitation,
SST, and 850-hPa MSE in the corresponding key regions
(mainly in the equatorial western Indian Ocean to the equato-
rial western Pacific Ocean) generally have better MJO east-
ward propagation performance. In comparison with CMIP5
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g s 2 models, CMIP6 models’ performance in simulating above
g 8 3 H @ Q mean states has significantly improved.
= Ot=§ S Relative contribution of the MJO dynamic-thermodynamic
Q AN O 5} y y
8 - structures and the mean states to MJO eastward propagation
propag
g 2 . o - are assessed by stepwise regression. For MJO structures, PCC
g >4 35 = i of BLMC propagation, convective instability index, and U850
s % g E® . asymmetry index can yield a CC of 0.96 when representing
g a the MJO eastward propagation, in which BLMC propagation
] . .« .
3 ) % = aN A plays a crucial role. For MJO-related mean states, precipita-
E 8 E - S35 tion and SST mean states contribute similarly, which can pro-
iagey £ 3 E ! vide a CC of 0.77. When both the MJO structures and the
Q = . . .
g g & mean state are considered, a CC of 0.97 is obtained. There-
U 27T g into, BLMC propagation is still the most crucial factor, and
[GJS) > S propag
e oo a Bh&F convective instability index and NRMSE of SST have similar
— -
_5 < =35 c\ < ? c| contributions. These results indicate a close association be-
= = [ (ST
§° g Z 5735 tween the BLMC propagation and MJO eastward propaga-
2o MR Y ® tion performance.
S 9 m 5 AT h YR p
£ % i TSR The simulation performance of MJO dynamic-thermody-
o 8= . .
:% o 0 namic structures may link among each other due to related
é i ks W 5 YFIEERE physical processes that shape them. For instance, the BLMC
3y 8% s Seeeo® can induce predestabilization to the east of the convection cen-
8 o< g [ [ p
= S s 3 ter by premoistening, and subsequently affect diabatic heating
g S g e, o AT N — and available potential energy. In addition, the improvement of
2z o s .5 5 Mne T\ — K . . . . ,
T3 S E 2 SesSasssS mean state simulation is conducive to promoting models’ per-
) A 2 ormance on namic-thermodynamic structures.
25 = o i MJO dy thermodyn truct
< -
- 0 o . .
22|88 2x b. Discussion
2| S5 g3 2E8¥ER82E
Soll825 3 SSsSsSssSsS . .
g 2 8 ._‘g § g I I This study reveals the important factors for the MJO east-
g ﬁ s ward propagation from the perspective of the MJO dynamic—
g § .12) 2 y © ot O e thermodynamic structure and mean state based on the CMIP6
E < § £ .3 dgg9zzdézes models. Note that these important factors identified by stepwise
5 iﬁ £z = ! ' regression approach depend on the models’ performance for
§ z © s MIJO structures, mean state, and their relationships with MJO
- © . . . .
» - .S propagation skill. Thus, the important factors revealed by differ-
% = 8 LE) §0 IRRERGEELT ent models will not be exactly the same. For instance, if CMIP5
2] S <@ ] ] S . . .
= B é % TEeTES < models are applied, the equation relating MJO eastward propa-
£ o . .
T3 = gation and MJO structures is PCCpyyoeastwardpropagation = 0.52 X
; § o PCCU850 + 049 X PCCBLMC + 0.23 X Indexdiabmchealing. Al-
2 - 23 x SERELET R though the equations are different with CMIP6 models’
Z % = S E °| T °| ?' °| °‘ i °" <9 [Eq. (4)], both of them identify the importance of BLMC
7 == . R .
o’ 2 and the 850-hPa wind field, indicating the robust contribu-
E § - tions of BLMC and U850 to the skill of MJO eastward
“— < = .
v = CA S| NN X0®WD WSSO ropagation.
< g TBlmenInEYnhng S5 propag
5 ‘g 8 ? E TeESSSssTeseS Thus, in order to improve the GCM’s performance in simu-
= . . .
2 gn e 2 lating MJO eastward propagation, more attention should be
2 . . E paid to the simulation of BLMC propagation. It is very challeng-
= = g % = ;% ing, and how to accurately represent multicloud populations’ re-
& g %‘3 2z § sponse to large-scale circulation is key to the improvement.
% é _a§ = % ° g g % More specifically, the upward transport of boundary layer water
S 5 SEP. o T8 Zm vapor and the shallow convection scheme is critical to capturing
_S = %E § 'é) g 3 s 3 E § the boundary layer-lower troposphere interaction and simulat-
kS et g g g E 52 ing BLMC (Zhang and Song 2009; Cai et al. 2013; Hirota et al.
SuogBe3 > L .
S 2 % é E‘ '% 5 g F48 2 8 2018; Yang and Wang 2019). The realistic MJO dynamic—
© E 2 2E = % 5B g“s z S thermodynamic structures with corresponding asymmetric
‘S 8538% '§ 3 E & 5 & 55 characteristics (such as the asymmetrical low-level zonal
2 rFuzutom Z0200 wind and the rearward-tilted EPT vertical structure) are
< O SO IRONMMODXOD . . .
= PLRURAARCZAZAA also associated with better MJO propagation performance.
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Generally, models’ deficiencies in simulating the horizontal
circulation are often associated with convective precipita-
tion and subsequent stratiform cloud heating, which are fur-
ther influenced by the deep convection parameterization (Seo
et al. 2012; Wang and Lee 2017; Heath et al. 2021). And the pre-
moistening and predestabilization processes represented by the
BLMC and the tilted EPT vertical structure are typically affected
by the upward transport of boundary layer water vapor and the
shallow convection scheme (Zhang and Song 2009; Cai et al.
2013; Ling et al. 2013; Hirota et al. 2018; Yang and Wang 2019).
Meanwhile, the thermodynamic vertical structures, such as dia-
batic heating and APE vertical structure, are related to simula-
tion of cloud and cumulus parameterization scheme (Seo and
Wang 2010; Ma et al. 2019; Yang and Wang 2019; J. Li et al.
2020). Besides, improving the simulation of the MJO-related
mean states, such as SST and precipitation in the near-equatorial
region, may also make the model better simulate the eastward
propagation of MJO. Models’ performance on mean state of pre-
cipitation may be associated with the simulation of downward so-
lar radiation intensity and cloud (Li and Xie 2014; Wang and Li
2017), while models’ capability in the SST and lower-level MSE
mean state may be linked to the advection scheme for ocean cur-
rents and turbulence schemes (Watanabe et al. 2010). This study
provides a general direction for future improvement of MJO
propagation. While more detailed mechanisms for improvement
could be explored by conducting sensitivity experiments by a set
of specific models. For instance, the sensitivity experiments dem-
onstrated that the differences in the shallow convection scheme
between the MIROC6 and MIROCS models are the main rea-
sons for the improvement of MJO propagation simulation skill in
MIROCS (Hirota et al. 2018).

One may question that the highest CC between the BLMC
propagation and the MJO eastward propagation may be due to
the same calculation method. To test whether the calculation
method is the reason for the highest correlation between BLMC
and MJO eastward propagation, we applied the same method to
850-hPa zonal wind and 850-hPa specific humidity tendency. It is
shown that the CC between PCC of 850-hPa zonal wind (specific
humidity tendency) and PCC of MJO eastward propagation is
0.78 (0.68). These two CCs are not greater than that of BLMC
(CC = 0.94), or APE index (CC = 0.78) which calculated by an-
other method. It indicates that the calculation method may not
be the main reason for the high correlation. Instead, the physical
linkage between BLMC and MJO eastward propagation is con-
sidered the primary cause for the high correlation.

Given that reproducing precipitation is more difficult com-
pared to reproducing circulation fields by models, is it reliable
to rank the MJO propagation performance using a metric
based on precipitation only? To validate the reliability of
the model ranking by using precipitation only, we recalcu-
lated the ranking by incorporating 850-hPa zonal wind and
precipitation with the same method (figure not shown).
Note that the CC between the NRMSE skill based on pre-
cipitation and the average of NRMSE skills based on pre-
cipitation and 850-hPa zonal wind reaches 0.94. It indicates
that the model performance is comparable when consider-
ing only precipitation or both precipitation and 850-hPa
zonal wind. In addition, regardless of considering only
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precipitation or both precipitation and 850-hPa zonal wind,
the top four and bottom four models are the same (figure
not shown). Therefore, using precipitation only to rank
models’ performance on MJO propagation is reliable.

Besides, we only assessed the relationship between MJO
propagation and structures as well as the impacts of the mean
states using statistical methods. Note that MJO propagation
may not be successfully simulated in the models for the right
reasons. Thus, the mechanism in which the structures or the
mean state impacts them deserve further study through nu-
merical experiments. It is also worth noting that the main ob-
jective of this study is to investigate the relationship between
MJO structures and propagation, along with the effect of
mean states on MJO propagation. Other properties of MJO,
such as its amplitude and occurrence frequency, are not con-
sidered. And due to the low vertical resolution of the CMIP6
daily data, the vertical structures of MJO cannot be precisely
determined, which accounts for its discrepancy with prior re-
search findings (Wang and Lee 2017; B. Wang et al. 2018).
Furthermore, the diagnostic metrics in this study pertain to
the MJO during the boreal winter, taking into account that
the MJO propagation during the boreal summer exhibits in-
creased complexity and potentially distinct influencing factors,
the development of supplementary diagnostic metrics for the
boreal summer MJO may be necessary.
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openly available from the European Center for Medium-Range
Weather Forecasts ERAS dataset at https:/cds.climate.copernicus.
eu/cdsapp#!/home as cited in Hersbach et al. (2020).

2) Daily precipitation data from Global Precipitation Clima-
tology Project (GPCP) are openly available at https://www.ncei.
noaa.gov/data/global-precipitation-climatology-project-gpcp-
daily/access/ as cited in Huffman et al. (2001).

3) Historical experiments data from Coupled Model Inter-
comparison Project Phase 6 (CMIP6) models are openly avail-
able at https://esgf-index1.ceda.ac.uk/search/cmip6-ceda/.
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