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ABSTRACT

This study explores possiblemechanisms for the barrier effect of the Indo-PacificMaritimeContinent (MC)

on MJO propagation. In particular, this study examines whether similar mechanisms can be found in both

observations and CMIP5 simulations. All models simulate individual MJO events but underestimate the

percentage of MJO events propagating into the MC. The simulations are grouped into the top and bottom

50%based on their capability of reproducing theMJO spectral signal.When compared with the observations,

the bottom 50% of the simulations significantly underestimate the MJO strength and exaggerate the barrier

effect intensity, whereas these discrepancies are not significant in the top 50%of the simulations. From the top

50% of the simulations, the MJO strength, moisture processes, and surface evaporation in the MC all play

important roles in constituting the barrier effect. No such evidence is found in observations. The discrepancies

may come from small observed sample size and/ormisrepresentations of key physical processes in themodels.

A consistent result is found in the observations and simulations: Whether MJO events can cross the MC

depends on the degree to which dominant precipitation over land shifts to over water in the MC as MJO

convection centers approach theMC and cross it. This result emphasizes the critical role of precipitation over

water in carrying convective signals of the MJO through the MC. The results suggest that diagnosing the

model alone on mechanisms for the barrier effect could be misleading; further investigations using a com-

bination of observations, global gridded data, and high-resolution models are needed.

1. Introduction

TheMadden–Julian oscillation (MJO;Madden and Julian

1971, 1972), a dominant intraseasonal variability in the

tropics, is characterized by a slowly eastward-propagatingCorresponding author: Jian Ling, lingjian@lasg.iap.ac.cn
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convection coupled with a large-scale circulation sys-

tem. Statistically, convection of the MJO usually forms

over the Indian Ocean and disappears over the central

Pacific Ocean (Zhang 2005). However, for each indi-

vidual MJO event, their eastward propagation of con-

vection is often blocked by the Indo-Pacific ‘‘Maritime

Continent’’ (MC), which is known as the barrier effect

on MJO propagation (Kim et al. 2014; Zhang and Ling

2017). Many global impacts of the MJO depend on

whether its convection center can move across the MC

(Zhang 2013). The MC can be a choke point that limits

numerical prediction skill of theMJO (Vitart et al. 2007;

Kim et al. 2018; Wang et al. 2019).

The reasons for the barrier effect on MJO propaga-

tion and the mechanism for overcoming it are unclear

even though they have been investigated through ob-

servational analysis and numerical modeling. Several

possible mechanisms for the barrier effect have been

proposed. However, without a countermechanism for

overcoming the barrier effect, whatever it might be, a

proposed mechanism for the barrier effect is incom-

plete. Here, we discuss possible mechanisms for the

barrier effect along with its overcoming mechanism.

The most profound feature of the MC is its mixture of

water and land, with elevated terrain on some of its is-

lands. It is natural to think that the land and elevated

terrain, which are absent from the open water of the

Indian and Pacific Oceans, may affect the MJO. Surface

evaporation is reduced, and surface friction is enhanced

by the presence of land. If surface evaporation is critical

to the MJO, then its reduction by land would lead to a

barrier effect (Maloney and Sobel 2004; Sobel et al.

2008, 2010). Low-level circulations can be affected by

elevated terrain (Wu and Hsu 2009) and enhanced sur-

face friction (Wang and Sobel 2017) over the MC. If

low-level circulations are important to the MJO, for ex-

ample, through its advection of moisture (Kim et al. 2014;

Feng et al. 2015; Kim et al. 2017; Wang et al. 2017), then

their distortion by elevated terrain and enhanced surface

friction would cause the barrier effect (Hsu and Lee 2005;

Inness and Slingo 2006; Wu and Hsu 2009). Land and

elevated terrain are perpetual fixtures of the MC. Their

impacts on barrier effect alone do not explain why some

MJOevents propagate through theMC and others do not

(Zhang and Ling 2017). A possible mechanism for over-

coming the barrier effects of reduced surface evaporation

and distorted low-level circulations by the presence of

land is the strength of the MJO. Strong MJO events may

still suffer from these barrier effects but to a lesser degree

than weak ones.

Another proposed mechanism for the barrier effect

is strong diurnal convection over land in MC. In a

Maritime Continent convective diurnal cycle (MAC3)

mechanism (Ling et al. 2019a), strong diurnal convec-

tion over land may prevent convective precipitation

over water from being fully developed. This would

block the MJO from crossing the MC because con-

vective signals of MJO propagation through the MC

are mainly over water (Zhang and Ling 2017). The

countermechanism for overcoming this barrier effect

would be weakening land diurnal convection (Neale

and Slingo 2003; Wang et al. 2015; Hagos et al. 2016).

This may be achieved by increases in cloud coverage

and/or soil moisture (Ling et al. 2019a).

These three possible mechanisms for the barrier ef-

fect, namely, reduced surface evaporation, distorted

low-level circulations, and strong diurnal convection

over land, are uniquely associated with the MC and are

not present anywhere else in the Indo-Pacific warm pool

region. They are intrinsic mechanisms for the barrier

effect. There are other possible mechanisms for the

barrier effect related to atmospheric or oceanic vari-

ability. Large-scale suppressed convection over the

western Pacific could promote the eastward propa-

gation of MJO across the MC (Kim et al. 2014). Dry

anomalies brought by westward-propagating synoptic

disturbances from the central-western Pacific could

disrupt the eastward propagation ofMJO over theMC

(Feng et al. 2015; DeMott et al. 2018). The intra-

seasonal sea surface temperature (SST) induced by

the MJO (Krishnamurti et al. 1988; Zhang 1996;

Shinoda et al. 1998) was suggested to be important for

MJO propagation across the MC (e.g., Hirata et al.

2013; Zhu et al. 2017). Background SST over the

western-central Pacific modulated by ENSO could

impact the MJO propagation over the MC (Kerns and

Chen 2016; DeMott et al. 2018; Suematsu and Miura

2018). SST anomalies in theMC region may also affect

MJO propagation (Zhang and Ling 2017; Zhou and

Murtugudde 2020). No overcoming mechanisms are

needed for this type of incidental mechanisms for the

barrier effect, as long as they are not associated with

specific features of the MC.

Proving or disproving these proposed mechanisms for

the barrier effect is difficult. Numerical models are

known to suffer systematic biases in the MC region

(Neale and Slingo 2003; Yang et al. 2019), indicating

deficiencies in their representations of physical pro-

cesses that might be key to the mechanisms for the

barrier effect. Numerical experiments that artificially

remove a certain process deemed essential to the barrier

effect are very informative (Hagos et al. 2016; Tseng

et al. 2017; Tan et al. 2020), but their results need to be

confirmed by observations. The extent to which the re-

sults depend on a particular model configuration has to

be assessed through duplications of same experiment by

5174 JOURNAL OF CL IMATE VOLUME 33

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/14/21 05:01 PM UTC



different models. Global data assimilation products are

powerful tools for diagnosing large-scale processes, but

they are not well constrained by observations in the

data-sparse or vacant areas (Oliver 2016). With these

limitations, a good practice in studying the barrier effect

of theMC is to seek consistency among all available data

from observations, their assimilation products, and nu-

merical model simulations. In this study, we followed

this principle to a certain degree.

This study investigated mechanisms for the barrier

effect through comparing observations from various

sources and simulations by phase 5 of the Coupled

Model Intercomparison Project (CMIP5) models.

There have been many studies diagnosing CMIP5

simulations for various purposes. To the best of our

knowledge, there have been none on the barrier effect

of theMC. Based on 20-yr simulations from fivemodels

that produce sufficient individual MJO events from

the MJO Task Force (MJOTF) and the GEWEX

Atmospheric System Study (GASS) (MJOTF/GASS;

Jiang et al. 2015), Ling et al. (2019b) suggested that

eastward propagation of the MJO is promoted by

strong low-level premoistening east of the MJO con-

vection center over the MC, which is mainly attributed

to zonal gradient of low-level easterly anomalies. It is

necessary to document the possible mechanisms for the

barrier effect in CMIP5 simulations with longer periods

and to see whether they are consistent with the obser-

vations. This would help set a benchmark to measure

the progress of global coupled climate models when

CMIP6 output is fully released and lead to a better

understanding of the mechanisms for the barrier effect

of the MC on MJO propagation.

The objective of this study is to see whether the

CMIP5 simulations can reproduce the observed barrier

effect intensity and to what extent evidence for the

proposed mechanisms of the barrier effect and their

overcoming mechanisms can be found in both observa-

tions and simulations. Given the limitations of the

available data, not all aspects of the proposed mecha-

nisms of the barrier effect can be adequately examined.

We focused on the following ones:

For the intrinsic mechanisms of the barrier effect re-

lated to reduced surface evaporation by land (Maloney

and Sobel 2004; Sobel et al. 2008, 2010) and distorted

low-level circulations by elevated terrain and enhanced

surface friction (Hsu and Lee 2005; Inness and Slingo

2006; Wu and Hsu 2009), we seek evidence of differ-

ences in surface latent heat flux and low-level wind be-

tween MJO events that cross the MC (MJO-C) and

those that are blocked by the MC (MJO-B). A differ-

ence in the strength of these two types of MJO events

when their convection centers over the Indian Ocean

approach the MC would also be desirable evidence for

these two possible mechanisms for the barrier effect.

Chen and Wang (2018) proposed that eastward propa-

gation of the MJO critically depends on its front Walker

cell, which should be taken as a measure of the strength

of the MJO in addition to its precipitation. The possible

intrinsic mechanism of the barrier effect related to

strong land diurnal convection and its overcoming

mechanism in terms of soil moisture (Ling et al. 2019a)

cannot be examined here because there is no diurnal

and soil moisture output from CMIP5, and the models

struggle with realistically simulating diurnal cycle over

the MC land (Neale and Slingo 2003; Love et al. 2011;

Gianotti et al. 2012; Ruppert and Hohenegger 2018;

Yang et al. 2019). However, one of its critical aspects,

distributions of precipitation over land and water, can

be examined (Ling et al. 2019b). Evidence for the in-

cidental mechanisms of the barrier effect related to dry

anomalies (Kim et al. 2014; Feng et al. 2015; DeMott

et al. 2018) and SST variabilities (Hirata et al. 2013;

Zhu et al. 2017; Suematsu and Miura 2018; Zhang and

Ling 2017; Zhou and Murtugudde 2020) would be dif-

ferences in spatial distribution of these key variables

between MJO-C and MJO-B events.

The data andmethod used in this study are introduced

in section 2. Basic MJO features from observations and

the simulations are compared to document their major

discrepancies in section 3. Evidence for the proposed

mechanisms for the barrier effect is examined through

comparing MJO-C and MJO-B events in section 4.

Further discussion is given in section 5.

2. Data and method

a. Models and validation datasets

Simulations of 24 CMIP5 models (Table 1) were di-

agnosed in this study. The simulations are historical runs

with daily outputs and cover the period of 1950–2005.

Taylor et al. (2012) provided detailed information of the

models and the experiment design.

Multiple observational datasets used in this study

cover a shorter period of 1998–2015. Daily precipitation

(0.258 3 0.258) from Tropical Rainfall Measuring

Mission (TRMM) 3B42, version 7, Multisatellite

Precipitation Analysis (TMPA; Huffman et al. 2007)

was used to identify theMJO events in the observations.

Daily specific humidity, zonal, meridional, and vertical

velocities (0.758 3 0.758) are from the European Centre

for Medium-Range Weather Forecasts interim re-

analysis (ERA-Interim, hereinafter ERA-I; Dee et al.

2011). Daily surface latent heat fluxes and surface zonal

wind are from objectively analyzed air–sea fluxes
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(OAFlux; Yu et al. 2008) available at a horizonal

resolution of 18. Daily SST is from the National

Oceanic and Atmospheric Administration (NOAA)

Optimum Interpolated Sea Surface Temperature

(OISST; Reynolds et al. 2007) dataset with a spatial

resolution of 0.258.
All datasets used were interpolated into the same

horizontal grids (2.58 3 2.58), following the MJOTF/

GASS project (Jiang et al. 2015) for a fair comparison.

The analysis covers October–March when the MJO is

strong. It is noted that the time coverage of the simula-

tions (56 yr) is longer than that of the observations

(18 yr). To eliminate the influence of the time coverage,

all the diagnostics for the simulations were repeated

for a shorter duration (1988–2005) to match the obser-

vations. The results are the same.

b. Method

For a given variable, its daily anomalies were ob-

tained by removing its climatological seasonal cycle

(omitting 29 February in leap years). A two-dimensional

time–space fast Fourier transform was then applied

to obtain the large-scale (zonal wavenumbers 0–6)

and intraseasonal (20–100 days) signals of the MJO

(Wheeler and Kiladis 1999). Both eastward- and

westward-propagating signals were retained. The

westward-propagating signals could be comparable

to or even stronger than the eastward-propagating sig-

nals in some models (Zhang et al. 2006; Jiang et al.

2015); therefore, retaining only eastward-propagating

signals would artificially enhance the eastward-propagation

ability of MJO in some simulations and then overesti-

mate the number of MJO identified.

The MJO events in this study are represented by

large-scale positive precipitation anomalies in the

tropics that propagate eastward for at least 508 in lon-

gitude. They were identified using an MJO tracking

method proposed by Ling et al. (2014) and modified by

Zhang and Ling (2017). This method tracks the lati-

tudinally averaged (158S–158N) eastward-propagating

positive precipitation anomalies. It provides specific

quantities that measure the characteristics (e.g., starting

and ending longitudes, speed, strength, propagating

ranges, and life-spans) of identified MJO events that are

not available from EOF-based MJO indices (Wheeler

and Hendon 2004; Kiladis et al. 2014; Liu et al. 2016).

The longitudinal location of MJO convection cannot be

precisely identified by the commonly used real-time

multivariate MJO index (RMM; Wheeler and Hendon

2004) that is based on global tropical coherent patterns

of convection and circulations; the contributions from

convection are generally much less than the circulation

in RMM (Straub 2013; Liu et al. 2016; Zhang and

Ling 2017).

TABLE 1. Models used in this study. Model and institutional expansions can be found online (https://www.ametsoc.org/

PubsAcronymList). NIES is the National Institute for Environmental Studies. THU is Tsinghua University.

Model Institute Spatial resolution (lon 3 lat; 8)

1 ACCESS1.0 CSIRO and BoM, Australia 1.875 3 1.25

2 ACCESS1.3 CSIRO and BoM, Australia 1.875 3 1.25

3 CanESM2 CCCma, Canada 2.81 3 2.79

4 CMCC-CESM CMCC, Italy 3.75 3 3.44

5 CMCC-CM CMCC, Italy 0.75 3 0.75

6 CMCC-CMS CMCC, Italy 3.75 3 3.71

7 CNRM-CM5 CNRM and CERFACS, France 1.41 3 1.40

8 FGOALS-g2 IAP and THU, China 2.81 3 2.79

9 FGOALS-s2 IAP, China 2.81 3 1.66

10 GFDL CM3 NOAA GFDL, United States 2.5 3 2.0

11 GFDL-ESM2G NOAA GFDL, United States 2.5 3 2.0

12 IPSL-CM5A-LR IPSL, France 3.75 3 1.89

13 IPSL-CM5A-MR IPSL, France 2.5 3 1.27

14 IPSL-CM5B-LR IPSL, France 3.75 3 1.89

15 MIROC4h AORI, NIES, JAMSTEC, Japan 0.56 3 0.56

16 MIROC5 AORI, NIES, JAMSTEC, Japan 1.41 3 1.40

17 MIROC-ESM AORI, NIES, JAMSTEC, Japan 2.81 3 2.79

18 MIROC-ESM-CHEM AORI, NIES, JAMSTEC, Japan 2.81 3 2.79

19 MPI-ESM-LR MPI, Germany 1.875 3 1.87

20 MPI-ESM-MR MPI, Germany 1.875 3 1.87

21 MPI-ESM-P MPI, Germany 1.875 3 1.87

22 MRI-CGCM3 MRI, Japan 1.125 3 1.12

23 MRI-ESM1 MRI, Japan 1.125 3 1.12

24 NorESM1-M Norwegian Climate Centre 2.5 3 1.89
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Following Zhang and Ling (2017), we grouped the

MJO events into those that cross the MC with their

ending longitudes east of 1508E (MJO-C) and those that

are blocked by theMCwith their ending longitudes west

of 1508E (MJO-B). Issues related to the barrier effect of

the MC can be adequately addressed only by comparing

these two types of MJO events. For the composites and

their differences, the Student’s t test was applied to as-

sess their significance. Composites of wind vectors are

considered significant if either one component passes

the Student’s t test. When comparing two probability

density distributions, a Kolmogorov–Smirnov (KS) test

was used to assess whether their differences are signifi-

cant. The word ‘‘significant’’ is used in this study only if

results pass the test at the 95% confidence level.

Conventional diagnostics of MJO simulations by mul-

tiple models compare the multimodel mean of ‘‘good’’

versus that of ‘‘bad’’ models in terms of MJO statistics

they produced. In this study, we took a different approach

first applied byLing et al. (2019b).We treated simulations

as a superensemble and all identified MJO events from

these simulations as simulated MJO events without at-

taching them to the individual models that produced

them. Comparisons were made between observed and

simulated MJO events.

One advantage of the superensemble approach is that

we move away from comparing individual models with

the observations or comparing good versus bad models,

which allows us to focus on identifying issues that may

apply to most, if not all, models. Another advantage of

this approach is that the significance for differences

between MJO-B and MJO-C can be directly accessed,

which is difficult using multimodel mean.

A potential risk of this superensemble approach is

that diagnosed biases may come from a fraction of the

models and, if so, any generalization based on the

superensemble approach would be misleading. To avoid

this, the evaluation for each individual model was con-

ducted to check whether their results agree with that

from the superensemble approach.

3. Statistics of observed and simulated MJO events

It is well known that the observed spectral signal of

the MJO is represented by a spectral peak of precipi-

tation or its proxy (such as outgoing longwave radiation)

at positive (eastward) intraseasonal frequencies and

planetary zonal scale that is separated from the sta-

tionary peak centered at frequency 0 (Fig. 1a). The

eastward propagation of the MJO is indicated by a large

difference between thisMJO signal and its much weaker

counterpart at negative (westward) frequencies. Their

ratio has been used to measure the strength of the MJO

spectral signal in observations (Zhang and Hendon

1997) and in simulations (Zhang et al. 2006; Hung et al.

2013; Ahn et al. 2017). In this study, the ratio was cal-

culated for spectral domains of (positive and negative)

periods of 20–100 days and zonal wavenumbers 1–6

(dashed boxes in Fig. 1).

It is also well known that the observed MJO spectral

signals can be reproduced by some modern global cli-

mate models but not by others (Hung et al. 2013; Jiang

et al. 2015; Ahn et al. 2017). This is indeed the case for

the CMIP5 models diagnosed here. It is interesting to

see that some simulations produced the spectral ratios

close to the observed whereas others produced lower

ratios (abscissa in Fig. 2). An example of the ‘‘over-

achievers’’ is given in Fig. 1b, where the MJO spectral

signal unambiguously exists. An example of the ‘‘un-

derachievers’’ is given in Fig. 1c, where theMJO spectral

signal is completely missing. As discussed in section 2,

FIG. 1. Annual mean wavenumber-frequency power spectra of

precipitation anomalies averaged over 158S–158N from (a) TRMM

and simulations by (b) MRI-CGCM3 and (c) CanESM2 during

October–March. The dash-outlined boxes mark the intraseasonal

(20–100 days) and planetary (k5 1–6) domains used in calculating

eastward vs westward power ratios.
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underachievers can still produce MJO events, but they

do so infrequently. Figure 2 also demonstrates the con-

nection between themodel capability of reproducing the

observed spectral signals (abscissa) and frequency (or-

dinate) of the MJO first revealed by Ling et al. (2017).

Most models underestimate the MJO frequency, espe-

cially those that produce very small spectral ratios (blue

diamonds in Fig. 2). There is a significant correlation

(0.83) between the spectral ratio and annual frequency

of the MJO from the simulations. The simulations are

grouped into the ‘‘top 50%’’ that can reproduce the

observed spectral ratio (circles in Fig. 2), and the ‘‘bot-

tom 50%’’ that struggle to reproduce the observedMJO

spectral signal (diamonds in Fig. 2).

The total sample sizes of identifiedMJO events during

October–March are very different from TRMM (34)

and the simulations (1950). Their fair comparison would

be the annual frequency (number of MJO per year). It is

about 26% lower in the simulations than in TRMM.

Because the subject of this study is the barrier effect of

the MC, we only include the MJO events that propagate

from the Indian Ocean (initiated west of 908E) and pass

through 1008E into theMC in the following analysis. The

numbers of identified events meeting the criteria are 27

in the observations and 1094 in the simulations. These

MJO events are 79% of all identified in TRMM and

54% in the simulations (Table 2). This lower (by one-

quarter) fraction ofMJO events initiated west of 908E in

the simulation is a measure of the misrepresentation of

MJO starting longitudes by the models suggested by

Ling et al. (2017). Both the top and bottom 50% of

the simulations underestimate the percentage of MJO

propagating into the MC (Table 2).

On average, observed and simulated MJO events

show similar features of eastward propagation (Fig. 3).

The main difference is their longitudinal coverage. MJO

events propagate to the date line in TRMM (Fig. 3a),

whereas they become very weak over the western Pacific

(east of 1608E) in the simulations (Fig. 3b). This differ-

ence may be an indicator of the exaggerated barrier

effect of the MC in the simulations. This will be further

quantified. The MJO events in the bottom 50% of the

simulations show much weaker amplitude and shorter

longitudinal coverage (Fig. 3d). The longitudinal cov-

erage of the MJO in the top 50% of the simulations also

deviated from the observations but to a lesser degree

(Fig. 3c). Another visible difference is over the Indian

Ocean: strong eastward negative precipitation anoma-

lies precede positive anomalies in TRMM, which is not

present in the simulations. As will be demonstrated

later, MJO initiation over the Indian Ocean is a major

discrepancy between the observations and simulations.

The barrier effect intensity can be quantified by

the ratio of the total number of MJO-B versus that of

MJO-C. There are 14 MJO-B and 13 MJO-C identified

in TRMM while 632 MJO-B and 462 MJO-C in the

simulations. Both the annual frequencies of MJO-B and

MJO-C are underestimated in the simulations, but this

underestimation in annual frequency is more obvious

for MJO-C: The annual frequency of MJO-B events in

the simulations is 41% lower than that in TRMM, and it

is 58% lower for MJO-C (Table 2). As a result, the ratio

of the total number of MJO-B versus that of MJO-C is

1.48 in the simulations, which is higher than that in

TRMM (1.08) (Table 2). This higher ratio implies the

exaggerated barrier effect intensity in the simulations,

which is mainly contributed by the bottom 50% of the

simulations (2.72).

To further quantify possible discrepancies between

the observed and simulatedMJO events, distributions of

frequencies for their certain parameters are compared

(Fig. 4). The propagating characteristics of identified

MJO events are different between the top and bottom

50% of the simulations (Figs. 3c,d). Here we group all

simulated MJO events into those produced by the top

and bottom 50%of the simulations. As found previously

FIG. 2. Scatterplots of ratios between eastward and westward

spectral power within zonal wavenumbers 1–6 and periods of 20–

100 days of the precipitation anomalies averaged over 158S–158N
(abscissa) and annual frequencies (ordinate) of MJO events iden-

tified during October–March in TRMM and the simulations. The

black pentagram represents TRMM, circles in red hues represent

the top 50% of the simulations, and diamonds in blue hues repre-

sent the bottom 50% of the simulations.
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(Zhang and Ling 2017), most observed MJO events are

initiated over the Indian Ocean and hence there is a

dominant peak there in the distribution of MJO starting

longitudes (Fig. 4a). The distributions of MJO starting

longitudes from the top and bottom 50% of the simu-

lations also peak over the IndianOcean, but they cover a

broader longitudinal range. There are two peaks for

distributions of MJO ending longitudes in TRMM: one

over the MC and the other over the central Pacific

(Fig. 4b). This is the evidence of theMCbarrier effect on

MJO propagation (Zhang and Ling 2017). The peak

over the central Pacific is missing in both the top and

bottom 50% of the simulations. However, there is no

significant difference between the distributions of end-

ing longitude for the MJO in the top 50% of the simu-

lations and TRMM, but the differences are significant

between the bottom 50% of the simulations and

TRMM. This indicates the barrier effect is exaggerated

in the bottom 50% of the simulations (Kim et al. 2009;

Seo et al. 2009; Wang et al. 2014; Ling et al. 2019b). As a

consequence of the differences in the starting and end-

ing longitudes, there are more MJO events propagating

over longer ranges in TRMM than in the simulations

(Fig. 4c). The differences are, however, not significant

between TRMM and the top 50% of the simulations.

Interestingly, the bottom 50% of the simulations

TABLE 2. Statistics of MJO events in TRMM and the simulations.

TRMM All simulations Top 50% of the simulations Bottom 50% of the simulations

Percentage of MJO that propagate into

the MC

79 54 57 49

Annual frequency

MJO-B 0.82 0.48 0.53 0.42

MJO-C 0.76 0.32 0.49 0.16

Ratio of MJO-B/MJO-C 1.08 (14/13) 1.48 (632/426) 1.09 (352/323) 2.72 (280/103)

Avg strength (mmday21)

MJO-B 2.75 2.39 2.72 1.98

MJO-C 3.24 2.90 3.17 2.04

FIG. 3. Composites of time–longitude evolution of 5-day running mean (shading) and large-scale intraseasonally

(zonal wavenumbers 0–6; 20–100 days) filtered daily precipitation anomalies (contours; interval of 0.5mmday21) of

MJO events during October–March from (a) TRMM, (b) the simulations, (c) the top 50% of the simulations, and

(d) the bottom 50%of the simulations based on their spectral ratios as shown in Fig. 2. Day 0 is the day on which the

tracked MJO events cross 908E. The dashed straight line marks the 5m s21 eastward propagation speed; 5-day

running mean precipitation anomalies significant at the 95% confidence level are stippled.
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significantly underestimate the strength of the MJO

through their life-span when compared with TRMM,

but the top 50% of the simulations produce a similar

distribution compared with TRMM (Fig. 4d).

One risk of treating all identified MJO events as a

superensemble is the differences between the simula-

tions and the observations may come from a fraction of

the models and cannot be applied to each individual

model. To address this question, certain characteristics

of the MJO events produced by each individual model

are compared with those of the observed MJO (Fig. 5).

All simulations underestimate the percentage of MJO

events initiated west of 908E (Fig. 5a), implying that the

misrepresentation of MJO starting longitudes exists in

all the models diagnosed. Taking the observed MJO

events as reference, most of the bottom 50% of the

simulations significantly underestimate the averaged

ending longitude, propagation range, and averaged

strength of theMJO, but there is no significant difference

inmost of the top 50%of the simulations (Figs. 5b–d). The

results suggest that the MJO events produced by the top

50% of the simulations can be treated as a superensemble

if we take the observations as reference.

In summary, simulated MJO events differ from the

observed mainly in their frequency of entering the

MC (not enough events initiated west of 908E and

propagatedthrough 1008E), strength (too weak in the

simulations), and barrier effect intensity (exaggerated in

the simulations). The top 50% of the simulations pro-

duceMJO events with similar strength and barrier effect

intensity as the observed, while the bottom 50% signif-

icantly underestimate the strength and exaggerated the

barrier effect intensity. These results do not come from a

fraction of the simulations; they commonly existed in

most of the top/bottom 50% of the simulations.

4. Possible mechanisms for the barrier effect

In this section, we explore howwell themechanisms of

the barrier effect are reproduced by the simulations.

This is a difficult question because we do not know for

sure what the mechanisms for the barrier effect are in

reality. An appropriate way of addressing this question

is to examine possible mechanisms proposed so far to

the extent that they can be done using observations (see

discussion in section 1). For this, we use differences

between MJO-B and MJO-C events as indications of

possible mechanisms, and we compare these differences

between the simulations and observations.

In section 3, we showed that most of the top 50% of

the simulations produce the MJO events with similar

strength and barrier effect intensity as the observations.

FIG. 4. Distributions of frequencies for tracked MJO characteristics in terms of (a) starting longitudes of all

identifiedMJO events and (b) ending longitudes, (c) propagation ranges, and (d) averaged amplitudes through the

entire life-span of MJO events starting west of 908E in TRMM (solid black line and gray shading), the top 50% of

the simulations (dashed pink line and pink shading), and the bottom 50% of the simulations (dotted blue line and

blue shading) during October–March. Solid triangles mark the corresponding means. The p value (pink for the top

50% of the simulations and blue for the bottom 50% of the simulations) is also given on the basis of the KS test

between the simulations and TRMM.
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A question raised is how they produce a similar barrier

effect intensity as the observations because the peak of

the ending longitude of their MJO over the central

Pacific is missing. The results in section 3 also indicate

that the bottom 50% of the simulations obviously un-

derestimate the MJO strength and exaggerate the bar-

rier effect intensity. Given the discrepancies of the MJO

events produced by the bottom 50% of the simulations,

it is inappropriate to compare the possible mechanisms

of barrier effect using the bottom 50% of the simula-

tions. Thus, in this section, we adopted only the top 50%

of the simulations that can reproduce the MJO spectral

signal and produce observed-likeMJO events to explore

whether the possible mechanisms for the barrier effect

of the MC are similar in the simulations and the obser-

vations. In the following sections, all identified MJO

events from the top 50% of the simulations were treated

as a superensemble of simulated MJO events without

attaching them to the individual models that produced

them. The word ‘‘simulations’’ represents the top 50%

of the simulations in this section. Comparisons were

made between observed and simulated MJO events.

a. Amplitudes

As discussed in section 1, strong MJO events may

have better chances to overcome the intrinsic barrier

effects of reduced surface evaporation and distorted

low-level circulations by the presence of land. Some

studies have shown such a connection (e.g., DeMott

et al. 2018), but others did not (e.g., Zhang and Ling

2017). We found that the averaged strength through the

life-span of MJO-C is greater than that of MJO-B in the

simulations and in TRMM (Table 2). But this difference

might be a result of barrier effect because the strength of

MJO-B after entering the MC should be significantly

weaker than that of MJO-C (Zhang and Ling 2017). To

further address this question, we compare the horizontal

structure of precipitation and low-level circulations

FIG. 5. Scatterplots between eastward andwestward spectral powerwithin zonal wavenumbers 1–6 and periods of

20–100 days of the precipitation anomalies averaged over 158S–158N and (a) ratio of MJO events initiated west of

908E, (b) averaged ending longitude, (c) averaged propagation range in longitude, and (d) averaged amplitudes

through the entire life-span in TRMM(black pentagram) and each individual simulation (colored circles for the top

50% of the simulations, and diamonds for the bottom 50% of the simulations). The red pentagram and blue

pentagram mark the corresponding averaged value for MJO events in the top 50% and bottom 50% of the sim-

ulations, respectively. Crosses in (b)–(d) mark the simulations that produce the distributions of MJO features that

are significantly different from that in TRMM at the 95% confidence level as based on a KS test.
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betweenMJO-C andMJO-B when the MJO convection

centers locate at 908E approaching the MC (Fig. 6).

The canonical structure of the MJO (Zhang 2005) is

obvious forMJO-B andMJO-C in both the observations

and the simulations: there are low-level easterly (west-

erly) anomalies east (west) of the MJO convection

(Fig. 6). The precipitation anomalies east of the con-

vection center for MJO-C tend to be stronger than

MJO-B in both the observations (Fig. 6c) and the sim-

ulations (Fig. 6f). The differences are significant in the

simulations but not in the observations. These suggest

that stronger MJO events may have a higher chance to

propagate through the MC, but the strength of the MJO

is not a decisive factor for overcoming the barrier effect

in the observations when the MJO convection center

locates over the Indian Ocean. However, strength over

Indian Ocean might be a decisive factor in the simula-

tions. It is also interesting to note that there is stronger

low-level convergence ahead of the MJO convection for

MJO-C than for MJO-B in the simulations (Fig. 6f).

Apart from the precipitation, the strength of theMJO

can also be measured by its front Walker cell (Chen and

Wang 2018). Vertical–zonal structures of moisture and

circulations between MJO-C and MJO-B in ERA-I and

the simulations are compared when MJO convection

centers are at 908E (Fig. 7). The front Walker cells di-

rectly associated with MJO convection are obvious for

both MJO-B and MJO-C events in both ERA-I and the

simulations, but the differences are distinct. In ERA-I,

significant differences are seen in the mid–upper tro-

posphere west of MJO convection centers (Fig. 7c) and

appear to be related to the westward tilt structure of the

MJO (Sperber 2003; Kiladis et al. 2005; Adames and

Wallace 2015) that is more evident for MJO-C than

MJO-B (Figs. 7a,b). Previous studies have suggested

that the frontWalker cell could help theMJO overcome

the barrier effect in the observations (Chen and Wang

2018) and in the simulations (Ling et al. 2019b).

Evidence for this proposed mechanism is not found in

ERA-I with no significant difference in the low-level

zonal wind between MJO-C and MJO-B. Such differ-

ence exists in the simulations where the front Walker

cell, including its low-level zonal wind, is significantly

stronger for MJO-C than MJO-B (Fig. 7f). The differ-

ences of ascending motion and midtroposphere mois-

ture east of the MJO convection between MJO-C and

MJO-B are also significant in the simulations (Fig. 7f).

The results suggest that strength of MJO represented

by both precipitation and front Walker cell is a decisive

factor for overcoming the barrier effect in the simulations.

FIG. 6. Horizontal distributions of 20–100-day bandpass-filtered precipitation anomalies (shading) and 850-hPa

wind vectors for (a),(d)MJO-B and (b),(e)MJO-C and (c),(f) their differences in the (left) observations and (right)

simulations when MJO convection centers cross 908E (marked by triangles). Stippling for precipitation and red

vectors for wind mark results that are significant at the 95% confidence level.
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No such evidence is found in the observations. It should be

noted that the results may change when the sample size

(number of MJO events identified) becomes larger in the

observations.

b. Meridional–vertical structures

Meridional advection of moisture from the equator

has been proposed to be a key process for MJO propa-

gation through the MC (Kim et al. 2014). To evaluate

this, the meridional–vertical cross sections of circula-

tions and moisture averaged between 1008 and 1408E
when MJO convection centers at 908E (Fig. 8) are

compared over where the moisture tendency is larger

(not shown).

In observations, there is a deep but narrow ascend-

ing motion east of the MJO convection center pro-

duced by boundary layer convergence that moistens

the midtroposphere; off-equatorial meridional winds

that transport moisture poleward from the equator

around 700 hPa are clear in MJO-C and MJO-B

(Figs. 8a,b) (Kim et al. 2014; Adames and Wallace

2014, 2015). The difference is not significant between

MJO-B and MJO-C except for weaker upward motion

around 108S in MJO-B (Fig. 8c). The simulations re-

produce the general meridional–vertical structure of

circulations and moisture ahead the MJO convection

center (Figs. 8d,e). Interestingly, the ascending and

poleward motions in MJO-C are significantly stronger

FIG. 7. Composites of vertical–zonal distributions of 20–100-day bandpass-filtered specific humidity anomalies

(shadings; g kg21) and u–v wind anomalies (vectors) as well as corresponding precipitation anomalies (curves)

averaged over 158S–158N for (a),(d) MJO-B and (b),(e) MJO-C and (c),(f) their differences in the (left) obser-

vations and (right) simulations when MJO convection centers cross 908E (marked by solid triangles). Vertical

velocities are scaled by a factor of 100 to make them visible. Results that are significant at the 95% confidence level

are marked by black arrows for wind vectors, stippling for specific humidity, and color for precipitation.
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compared with MJO-B, suggesting stronger vertical and

meridional advection of moisture in MJO-C than in

MJO-B in the simulations (Fig. 8f). However, the ver-

tical moisture advection is mostly canceled by the

moisture sink (Kim et al. 2014), and the meridional

moisture advection dominates the moisture advection

processes (not shown). Our results suggest that the

poleward advection of moisture from the equator is

important for the MJO to overcome the barrier effect in

the simulations, but no such evidence was found in the

observations.

Another obvious difference between the observations

and the simulations is the meridional location of the

moisture anomaly east of the MJO convection. In the

observations, the positivemoisture anomalies ofMJO-B

are close to the equator, while they are centralized

around 108S for MJO-C (Figs. 8a,b). In the simulations,

however, the positive moisture anomalies of both

MJO-B and MJO-C tend to centralize around the

equator (Figs. 8d,e). Indeed, it is similar for zonal wind

and precipitation of the MJO (Fig. 6). In the observa-

tions, the precipitation of MJO-C tends to shift farther

FIG. 8. Composites of vertical–meridional distributions of 20–100-day bandpass-filtered specific humidity

anomalies (shadings, g kg21) and y-v wind anomalies (vectors) as well as corresponding precipitation anomalies

(curves) averaged between 1008 and 1408E for (a),(d)MJO-B and (b),(e)MJO-C and (c),(f) their differences in the

(left) observations and (right) simulations when theMJO tracks cross 908E. Vertical velocities are scaled by a factor

of 100 to make them visible. Results that are significant at the 95% confidence level are marked by black arrows for

wind vectors, stippling for specific humidity, and color for precipitation.
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south compared with MJO-B. The low-level zonal

wind anomalies associated with MJO-C are located

between 158S and 58N (Fig. 6b), but they are between

58S and 158N for MJO-B (Fig. 6a). This implies the im-

portance of southward shift of MJO for its propagation

across the MC during boreal winter in the observations

(Wang and Rui 1990; Kim et al. 2017; Zhang and Ling

2017). However, the simulations cannot reproduce these

differences, and both MJO-B and MJO-C tend to be

equatorially symmetric in the simulations.

c. Zonal structures

Wewish to explore when and where along the equator

the two types of MJO events start to differ. For this, we

compare zonal distributions of relevant variables as

functions of the longitude of MJO convection centers

(Fig. 9). A 20–100-day bandpass filter was applied to

remove signals of the low- and high-frequency vari-

abilities. The way to read Fig. 9 is very similar to

reading a longitude–time lag regression diagram. If

MJO events propagate at a constant speed, the ordinate

(the longitude of MJO convection center) would be

easily translated into time. For example, when the MJO

convection center is located at 1208E, the zonal distri-

butions of precipitation anomalies (Figs. 9a,b) are given

along the line parallel to the abscissa and intersecting

with the ordinate at 1208E. The positive anomalies

around the convection center are expected from any

convectional time–longitude composite or longitude–

time lag regression. It is noted that the composites for

MJO-B beyond 1508E were made along the extensions

of the tracks. Although the convection of MJO-B events

dissipated (under one standard deviation) east of 1508E,
their precipitation could still be positive but with much

small values (Fig. 9a). An advantage of the composite

based on longitudes of MJO convection centers over

longitude–time lag regression is that the former does not

suffer from decay in amplitude away from the single

reference point in the latter as the MJO propagation

speed varies.

In this comparison,we includedprecipitation (Figs. 9a–c),

850-hPa zonal wind (Figs. 9d–f), column-integrated

(1000–250 hPa) specific humidity (Figs. 9g–i), sea sur-

face latent heat flux (Figs. 9j–l), and sea surface wind

speed (Figs. 9m–o). Significant differences between

MJO-B and MJO-C events exist in all these variables

but only when MJO convection centers are over the

Pacific. They are results of the barrier effect of the MC.

There is hardly any significant difference when MJO

convection centers are over the Indian Ocean.

As MJO convection centers move over the MC (e.g.,

1208E on the abscissa), a significant difference be-

tween the two types of MJO events first appears in

precipitation (weaker for MJO-B). This is, however, not

FIG. 9. Zonal distributions (abscissa) of 20–100-day bandpass-filtered (a)–(c) precipitation from TRMM, (d)–(f) 850-hPa zonal wind,

and (g)–(i) column-integrated (1000–250 hPa) specific humidity from ERA-I and (j)–(l) sea surface latent heat fluxes and (m)–(o) sea

surface wind speed from OAFlux averaged between 158S and 158N as functions of longitudes of MJO convection centers (ordinate) for

(top)MJO-B and (middle)MJO-C, alongwith (bottom) their differences. Blue straight linesmark the track of theMJO convection center.

The black straight lines mark the longitudinal range of 308 on both sides of the track. Results that are significant at the 95% confidence

level are stippled.
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accompanied by other variables until later. Negative

anomalies in humidity appear east of MJO convection

centers when they are over the Indian Ocean (608–908E
at the ordinate), which is more obvious for MJO-C than

MJO-B (Figs. 9g,h). This is in agreement with the result

from Kim et al. (2014). But the difference between

MJO-C and MJO-B is not significant (Fig. 9i). Dry

anomalies brought by westward-propagating synoptic

disturbances from central-western Pacific as a possible

incidental barrier effect (Feng et al. 2015; DeMott et al.

2018) are not seen here.

The evolution of zonal distributions in sea surface

latent heat fluxes along with the MJO based on the

OAFlux product is as expected from the past observa-

tions (Krishnamurti et al. 1988; Zhang 1996; Araligidad

and Maloney 2008): positive anomalies behind (west of)

MJO convection centers and negative anomalies ahead

(east of) for both MJO-B andMJO-C (Figs. 9j,k). There

is no significant difference in surface latent heat flux

between the two types of MJO events in the MC

(Fig. 9l). This implies that the MC barrier effect is not

caused by reduced surface evaporation, as previously

suggested (Maloney and Sobel 2004; Sobel et al. 2008,

2010). Interestingly, surface latent heat flux over a broad

region of the Pacific when MJO convection centers are

over the Indian Ocean is apparently larger for MJO-C

than MJO-B (Figs. 9j,k), which is partially related to

stronger surface wind speed (Figs. 9m,n). This is pre-

dicted by anMJO theory based on wind-induced surface

heat exchange (WISHE; Fuchs and Raymond 2017).

The differences are not significant (Figs. 9l,o). Given the

challenge of observing ocean surface fluxes (Brunke

et al. 2011), the results based on OAFlux are confirmed

by using the Japanese Ocean Flux Datasets with Use of

Remote Sensing Observations (J-OFURO), version 3

(J-OFURO3; Tomita et al. 2019). They agree with each

other qualitatively, with differences mainly in ampli-

tudes (not shown).

The same comparisons of MJO-B and MJO-C from

the simulations tell a different story. While the general

features of eastward propagation of precipitation and

other variables are similar to the observations, differ-

ences between the two types of the MJO are significant

over a larger domain (Fig. 10). Significantly larger pre-

cipitation and stronger low-level zonal wind are present

when MJO convection centers are over the Indian

Ocean (Figs. 10c,f). These results alone suggest the

strength of the MJO is a mechanism for overcoming the

barrier effect. Moisture for MJO-B is significantly less

thanMJO-C over theMCbut higher over a broad region

to the east (Fig. 10i). This is consistent with the result

that the Rossby-wave circulation induced by suppressed

convection east of the MJO is needed for MJO propa-

gation through the MC (Kim et al. 2014). But the

westward-advected dry air by synoptic perturbations as

an incidental barrier effect (Feng et al. 2015; DeMott

et al. 2018) is not present. Surface latent heat flux in the

MC region is also significantly less for MJO-B than

MJO-C (Fig. 10l), which is partially due to the weaker

surface wind speed (Fig. 10o), supporting the proposed

idea that reduced surface evaporation over the MC is a

mechanism leading to the MC barrier effect (Maloney

FIG. 10. As in Fig. 9, but for the simulations.
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and Sobel 2004; Sobel et al. 2008, 2010). But none of

these can be confirmed by observations (Fig. 9).

To further examine how the simulations differ from

the observations, we compare horizontal distributions of

surface latent heat fluxes for the two types of theMJO in

the observations and simulations (Fig. 11). In the ob-

servations (Figs. 11a–c), anomalies in surface latent heat

fluxes are positive over the Indonesian Seas south of the

equator when MJO convection centers are in the center

of the MC (1208E). This is expected according to the

preferred pathway ofMJO propagation through theMC

during boreal winter (Wang and Rui 1990; Kim et al.

2017; Zhang and Ling 2017). In this region, surface la-

tent heat fluxes are apparently greater for MJO-C than

MJO-B. But their difference is not significant. In the

simulations (Figs. 11d–f), surface latent heat fluxes are

substantially overestimated over a broad region from

the southeastern Indian Ocean to the northwestern

Pacific. This overestimation leads to a significant dif-

ference in surface latent heat fluxes between MJO-B

and MJO-C.

d. Precipitation over land and water

It has been proposed that development of convection

over water in the MC is a key process for the MJO to

propagate through the MC (Zhang and Ling 2017). This

is manifested by a shift from dominantMC precipitation

over land through its strong diurnal cycle when MJO

convection centers are over the Indian Ocean ap-

proaching the MC to dominant precipitation over wa-

ter as the diurnal cycle over land is reduced when MJO

convection centers are over the MC (Ichikawa and

Yasunari 2007; Yokoi et al. 2017; Ling et al. 2019a).

The simulation output does not allow an analysis of the

diurnal cycle in precipitation. But this shift from land-

to water-dominant precipitation is present in the sim-

ulations (Fig. 12b). Also consistent with the observations,

the difference between precipitation ofMJO-C andMJO-

B is larger over water than over land after theMJOenters

the MC. Even though the contrast between land and

water precipitation is weaker in the simulations than in

the observations, its existence in the simulations is in-

triguing given the poor representation of the land in the

MC because of the coarse spatial resolution of the models

(Baranowski et al. 2019).

The key process for MJO to overcome the barrier

effect in the MAC3 mechanism (Ling et al. 2019a) is

strong precipitation over land as the MJO convection

center approaches the MC, which increases the soil

moisture and reduces the diurnal amplitude of land

convection subsequently and thus favors the develop-

ment of nondiurnal convection over water. The precip-

itation over land of theMC is slightly stronger inMJO-C

thanMJO-B before, and weaker inMJO-C thanMJO-B

FIG. 11. Horizontal distributions of 20–100-day bandpass-filtered sea surface latent heat flux (shading) for (a),(d)

MJO-B and (b),(e) MJO-C and (c),(f) and their differences from (left) OAFlux and (right) the simulations when

MJO convection centers cross 1208E (marked by triangles). Results that are significant at the 95% confidence level

are stippled.
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after, their convection centers enter theMC as expected

(Fig. 12a). In the simulations, however, the precipitation

over land of the MC is stronger in MJO-C when the

MJO convection centers locate over theMC before they

reach 1508E (Fig. 12b). These indicate that the MJO

convection in the simulations might not mainly be car-

ried by the precipitation over water as observed in ob-

servations (Zhang and Ling 2017; Ling et al. 2019a).

To further explore the discrepancies of the simula-

tions, horizontal structures of precipitation and circula-

tions between MJO-C and MJO-B in the observations

and the simulations are compared when MJO convec-

tion centers are at 1208E (Fig. 13). In the observations,

the convection signal of both MJO-B and MJO-C is

carried by precipitation over water (Figs. 13a,b) while

it is over both water and land in the simulations

(Figs. 13d,e). The results confirm that the MJO con-

vection is also carried by precipitation over land in the

simulations. The results also suggest that the simulations

cannot realistically reproduce the off-equator convec-

tion center of MJO-C as discussed in section 4b.

e. Sea surface temperature

It has been reported that SST over theMC and Pacific

could impact the eastward propagation of MJO through

theMC (Hirata et al. 2013; Kerns and Chen 2016; Zhang

and Ling 2017; DeMott et al. 2018; Suematsu and Miura

2018; Zhou and Murtugudde 2020). Zhang and Ling

(2017) found that there are significant warm SST

anomalies in the MC water for MJO-C. Suematsu and

Miura (2018) showed that warm low-frequency SST

anomalies over the western-central Pacific are the pre-

cursor for MJO propagating through the MC, but no

precursor was found in the intraseasonal time scale. The

MJO activities along with its associated SST anomalies

migrate to South Hemisphere seasonally during boreal

winter (Zhang and Dong 2004; Zhang and Ling 2017).

To better evaluate the role of SST in barrier effect, we

compare the SST anomalies averaged over 158S–08 at
different time scales betweenMJO-C andMJO-B in the

observations and simulations when MJO convection

centers are at 908E (Fig. 14).

When only high-frequency signals were removed (by

applying a low-pass filtering for.20 days), positive SST

anomalies appear in the MC water for both MJO-B and

MJO-C and its negative anomalies over a broad area of

the central and eastern Pacific Ocean (Fig. 14a). Positive

anomalies in SST cover a broad area of the MC and

western Pacific for MJO-C; these anomalies are, how-

ever, spatially confined over the westernMC forMJO-B

(Fig. 14a). On the intraseasonal time scale (20–100 days),

significant positive SST anomalies over the whole MC

and negative SST anomalies over the Indian Ocean were

found for MJO-C same as Zhang and Ling (2017), while

only significant positive SST anomalies over the western

MC was identified for MJO-B (Fig. 14b). However, the

difference between MJO-C and MJO-B is not significant

except for a tiny longitudinal range.

The background SST (.100 days) patterns forMJO-B

and MJO-C change a lot (Fig. 14c). There are positive

SST anomalies over the Indian Ocean in MJO-B and

MJO-C. The background SST anomalies over the Pacific

are not significant, nor are their differences, even though

the negative SST anomalies in MJO-B suggest a pref-

erence for La Niña years for MJO-B. These results

suggest that ENSO may impact the MJO propagation

to a certain extent but by itself cannot determine

whether MJO propagates through the MC. Indeed,

10 MJO-B events occur during La Niña years whereas

only 4 MJO-B occur during El Niño years, but there are

still 8 MJO-C in La Niña years and 5 MJO-C in El

Niño years.

In the CMIP5 simulations, the observed patterns of

SST anomalies are generally captured (Fig. 14, right

FIG. 12. Evolution of precipitation over land (bars with orange

shading or red cross hatching) and sea (bars with light blue shading

or blue cross hatching) over the Maritime Continent (108S–58N,

1008–1508E) for MJO-B (cross hatching) and MJO-C (color shad-

ing) as functions of the longitudinal locations of MJO convection

centers from (a) TRMM and (b) the simulations.
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panels). The differences between MJO-C and MJO-B

in the simulations suggest stronger intraseasonal SST

induced by MJO-C (Fig. 14e), consistent with greater

amplitude of MJO-C. Meanwhile, the background SST

could be a main factor to modulate the barrier effect of

the MC in the simulations, whereas no statistically

significant evidence was found in the observations.

However, the discrepancies between the simulations

and observations may come from the small observed

sample size.

5. Summary and discussion

We have diagnosed the barrier effect of the MC on

MJO propagation in the observations and CMIP5

simulations based on individual MJO events identified

by tracking their precipitation. All models simulate

individual MJO events but underestimate the per-

centage of MJO events that propagate into the MC.

The top 50% of the simulations produce MJO events

with similar strength and barrier effect intensity as that

in TRMM, while the bottom 50% significantly under-

estimate the strength of MJO and exaggerate the bar-

rier effect intensity. These results do not come from a

fraction of the simulations; they are commonly present

in most of the top/bottom 50% of the simulations.

We have explored possible mechanisms for the

barrier effect of the MC on MJO propagation in the

observations and simulations through comparing the

amplitudes of theMJO events, zonal– and meridional–

vertical structures of their circulations, their precipi-

tation over land and water of the MC, and SST between

MJO events that cross the MC (MJO-C) and those that

are blocked by the MC (MJO-B). Only the top 50% of

the simulations that reproduce the MJO spectral signal

and produce observed-likeMJO events were used in the

comparison. We treated all MJO events in the top 50%

of the simulations as a superensemble to explore

whether the possible mechanisms for the barrier effect

of the MC can be identified in both simulations and

observations.

Diagnoses of the simulations alone would lead to

conclusions that dry troposphere and reduced surface

evaporation constitute the barrier effects; however,

MJO strength can be a mechanism for overcoming the

barrier effect. These conclusions cannot be drawn from

the observations. Caution is, however, needed here.

Conclusions from the observations may change when

their sample size (number of identified MJO events)

becomes larger.

There are several disagreements between the results

from this and previous studies. They are possible roles of

MJO strength, moisture processes including advected

dry air by synoptic perturbations, and surface evapora-

tion in the barrier effect. These disagreements come

from different analysis methods and tools (observations,

FIG. 13. As in Fig. 6, but for when MJO convection centers cross 1208E.
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model simulations, theoretical approaches). Sorting out

these disagreements requires vigorous significance tests

of statistical results.

The most evident consistency between the observa-

tions and simulations is the differential shifts between

land versus water precipitation in the MC region for

MJO-C and MJO-B events. Both observations and

simulations demonstrate a shift of precipitation from

land to water in the MC as MJO convection centers

move from the Indian Ocean through the MC, and this

shift is much greater for MJO-C and MJO-B, even

though this shift is underestimated in the simulations.

It is unlikely that the models can produce realistic

diurnal cycle over land (Neale and Slingo 2003; Wang

and Sobel 2017; Yang et al. 2019) and mesoscale con-

vective systems (MCSs) over water. Yet, they still re-

produced the observed contrast betweenMCprecipitation

over land and water and the difference between MJO-C

and MJO-B as their convection centers propagate

through the MC. From a model-centric viewpoint, this

may disprove the MAC3 hypothesis that diurnal con-

vection over land and development ofMCSs over water

are keys to the barrier effect of the MC (Ling et al.

2019a). From an observation-centric viewpoint (held

by the authors of this article), this suggests that the

models get the right results for wrong reasons. In any

case, the consistent results from the observations and

simulations support the notion that the contrast be-

tween land and water precipitation in the MC region is

essential to the barrier effect. It is worth further investi-

gation on this using high-resolution models that can ade-

quately resolve both land diurnal convection and MCSs

over water in the MC region (e.g., Sato et al. 2009).

In the observations, the convection and circulations

associated with MJO-C located farther south compared

withMJO-B. This implies the importance of a southward

FIG. 14. Composites of (a),(d) 20-day low-pass, (b),(e) 20–100-day bandpass, and (c),(f) 100-day low-pass filtered

SST anomalies averaged over 158S–08 for MJO-B (solid line) and MJO-C (dotted line) from (left) OISST and

(right) the simulations when the MJO tracks cross 908E (marked by solid triangles). Results that are significant at

95% confidence level are marked by red filled circles for MJO-B and blue open circles for MJO-C, and color

shading for their difference.

5190 JOURNAL OF CL IMATE VOLUME 33

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/14/21 05:01 PM UTC



shift of theMJOover the ocean for its propagation across

the MC during boreal winter (Wang and Rui 1990; Kim

et al. 2017; Zhang and Ling 2017). In the simulations,

however, the convection and circulations in both MJO-C

andMJO-B tend to locate over the equator. These results

suggest that the simulations cannot realistically represent

the meridional location ofMJO convection center, which

might be related to their discrepancies in reproducing the

physical processes of convection over theMC (Neale and

Slingo 2003; Yang et al. 2019).

There is a concern that the conclusions based on the

simulated MJO events from the top 50% of the simu-

lations as a superensemble may not equally apply to

each individual model. We have conducted the same

analyses for each model, and the conclusions can also be

applied to most individual models even though the

sample sizes becomemuch smaller. Our results highlight

that even if the models can reproduce the MJO events

with similar statistics as in the observations, they are not

necessarily able to reproduce the mechanisms for the

barrier effect of the MC on MJO propagation. This

study suggests that caution should be taken when using

the models to understand the physical processes of the

barrier effect because their mechanisms of barrier effect

might be different from the observations.

We have examined the statistics of the simulated MJO

events by a limited number of CMIP6 models using the

same tracking method as in this study, but the improve-

ment is imperceptible compared with those of CMIP5.We

do not expect significant improvement in CMIP6 simula-

tions, but this might be worth checking for the higher-

resolutionmodelswhenCMIP6 outputs are fully available.
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