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ABSTRACT: The diversity of the Madden–Julian oscillation (MJO) initiation (i.e., initial onset of active convection be-
fore moving eastward) regions was explored using a clustering method. Regions favorable for MJO initiations are grouped
into four longitude zones: the Atlantic and Africa (AA), the Indian Ocean (IO), the Maritime Continent (MC), and the
western Pacific (WP). The region-dependent dominant initiation mechanisms are explored using a composite procedure.
The AA initiation is attributed to a circumnavigating process associated with a preceding MJO. As upper-tropospheric
westerly anomalies move into the AA region, the associated descending motion leads to suppressed convection over the
IO, which further triggers convection onset to its west through anomalous westward moisture advection. The IO initiation
arises from the downstream forcing of a preceding suppressed phase of MJO. A delayed air–sea interaction process also
plays a role. The MC initiation is triggered by a westward-propagating dry equatorial Rossby wave in the Pacific. The low-
level poleward flows associated with the anticyclonic Rossby wave gyres advect high mean moisture, promoting the convec-
tion onset over the MC. The WP initiation is triggered by a preceding suppressed phase of MJO that moves eastward, in a
way similar to the downstream scenario in the IO. The AA initiation is usually associated with a La Niña–like background
sea surface temperature pattern, which favors the decoupling of upper-tropospheric westerly anomalies from the preceding
MJO. The MC and WP initiations are more frequent during El Niño, as the relevant meridional moisture gradient is
sharper and the eastern Pacific is moister.
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1. Introduction

The earliest known publication to identify, and recognize
the synoptic impacts of, what subsequently came to be known
as the tropical intraseasonal oscillation dates back to Xie et al.
(1963) [see a report by Li et al. (2018)]. Madden and Julian
(1971, 1972) identified a planetary-scale eastward-propagating
mode across the whole tropics with a period of 40–50 days,
which is now named as the Madden–Julian oscillation (MJO).
The MJO, as the dominant mode of tropical intraseasonal var-
iability, was confirmed by further studies with the help of satel-
lite data. Its broadband feature (spans a range of 20–100 days),
complexity in origins and propagations, and pronounced season-
ality are also unveiled [see reviews by Madden and Julian (1994)
and Zhang (2005)]. Given its intraseasonal time scale and slowly
propagating nature, the MJO serves as a cornerstone in the

subseasonal-to-seasonal (S2S) prediction that bridges the
weather and climate (Zhang 2013; Vitart et al. 2017).

The MJO typically initiates over the Indian Ocean and
propagates eastward (Straub 2013). However, current MJO
research has found much diversity. A recent work by Wang
et al. (2019) unveiled the diversity of MJO in terms of its
propagating features with the help of an objective clustering
method. By using similar clustering methods, a series of stud-
ies on the MJO diversities relevant to various aspects have
been conducted, such as the propagation and intensity (Wang
and Li 2021), teleconnections (Chen 2021), and seasonal (Chen
andWang 2021) and spatial (Wang et al. 2021) dependence.

The initiation of the MJO, which refers to the initial onset
of active convection before it moves eastward, has a very
different mechanism from the propagation, and is still an open
and challenging topic [see Li (2014) and Li et al. (2020) for re-
cent reviews on this issue]. A widely accepted hypothesis is the
so-called circumnavigating theory (e.g., Lau and Peng 1987;
Knutson and Weickmann 1987; Hendon 1988; Wang and Li
1994; Matthews 2000, 2008). The promise behind is that the
equatorial atmospheric waves associated with a preceding
MJO travel around the global tropics and may trigger deep
convection over the relatively moist and warm Indian Ocean.
These MJO events are referred to as a “successive” MJO event
since it follows an immediately preceding one (Matthews 2008).
Specific processes related to the convection onset may include
the adiabatic lifting due to the upper-tropospheric divergent
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perturbation (Matthews 2008; Powell and Houze 2015; Haertel
et al. 2015; Powell 2016), low-level moisture convergence (Seo
and Kim 2003; Kikuchi and Takayabu 2003; Chen and Zhang
2019), and topographic lifting effects (Hsu and Lee 2005),
among others. In the scenario of circumnavigation, the forcing
from upstream (west of the MJO initiation region) holds the
key to MJO initiation.

The circumnavigating theory, however, has been deemed
not crucial for MJO initiation over the western Indian Ocean
by idealized numerical model experiments (Zhao et al. 2013;
Ray and Li 2013; Maloney and Wolding 2015) and observa-
tional analyses (Zhao et al. 2013; Mei et al. 2015; Li et al.
2015; Nasuno et al. 2015). Different from the upstream forc-
ing scenario, Zhao et al. (2013) proposed a downstream forc-
ing scenario relevant to successive MJO events. That is, a
preceding convectively suppressed phase of MJO may trigger
new active MJO convection over the western Indian Ocean,
after it moves to eastern Indian Ocean. The MJO convection
onset is mainly through the westward advection of back-
ground moisture by the low-level easterly anomaly. The latter
is a result of the equatorial Rossby (ER) wave response to the
preceding convectively suppressed phase of MJO.

Besides the upstream and downstream mechanisms, other
studies suggested a “discharge–recharge” paradigm that em-
phasizes local processes such as surface fluxes, cloud–radiation
feedbacks, sea surface temperature (SST), and boundary layer
moisture convergence (e.g., Bladé and Hartmann 1993; Hu
and Randall 1994; Kemball-Cook and Weare 2001; Jiang and
Li 2005; Benedict and Randall 2007; Li et al. 2008; Sobel et al.
2014; Rydbeck and Jensen 2017). Interactions of equatorial
waves and mean circulation have also been addressed (e.g.,
Feng and Li 2016; Takasuka et al. 2021; Kohyama et al. 2021).
For instance, given that the southern Indian Ocean has a
strong intraseasonal SST variability during boreal winter when
the climatological mean thermocline is shallow (Li et al. 2002;
Saji et al. 2006), Li et al. (2008) proposed a delayed air–sea in-
teraction mechanism in which a preceding active MJO convec-
tion could trigger a suppressed phase of MJO through a
delayed effect of cold SST wake.

In addition to the tropical origins described above, the ex-
tratropical processes such as midlatitude perturbations propa-
gating into the tropics also play a role in the MJO initiation
(e.g., Hsu et al. 1990; Kiladis and Weickmann 1992; Matthews
and Kiladis 1999; Pan and Li 2008; Ray et al. 2009; Ray and
Li 2013; Roundy 2014), which is possibly more applicable
to “primary” events. For example, a case study by Hsu
et al. (1990) suggested a midlatitude wave source from the
Northern Hemisphere. On the other hand, Zhao et al. (2013)
pointed out that the Southern Hemisphere Rossby wave forc-
ing is more crucial based on their idealized numerical model
experiments.

While most previous studies focus on the Indian Ocean
which is the most frequent region of MJO initiation (Wang
and Rui 1990; Zhang and Ling 2017), the MJO initiation is
not limited to this area. In an early study, Wang and Rui
(1990) analyzed the paths of tropical intraseasonal convection
anomalies (TICA) case by case and found that although it is
maximized over the western Indian Ocean, the geographic

distribution of TICA initiations spans a large area from tropi-
cal Atlantic, Africa to eastern Indian Ocean. Perhaps because
a longer data period is used, Matthews (2008) further identi-
fied MJO initiations over the Maritime Continent and western
Pacific, which was not reported in Wang and Rui (1990).
These observationally based results suggest an explicit diver-
sity of the MJO initiation regions. The initiation mechanisms
and the associated precursory signals might also be region
dependent.

Nevertheless, how the MJOs are initiated over the regions
other than the Indian Ocean is a less studied topic. Also, it is
unclear whether the existing hypotheses about the Indian
Ocean MJO initiation are applicable to the other regions. Re-
cently, Takasuka and Satoh (2021) systematically explored
the MJO initiations over the Indian Ocean, Maritime Conti-
nent, and western Pacific. However, those three regions are
subjectively determined in advance, not an objective classifi-
cation. The Atlantic and Africa, which were previously identi-
fied in observations, are not included in their study. Besides,
their work emphasized the role of interannual background in
modulating the favorable initiation region, but the initiation
mechanism itself is controversial. For instance, in their Indian
Ocean and Maritime Continent scenarios, a basic premise is
that the background state supports a local enhancement of in-
traseasonal convection that causes a suppressed convection
anomaly to the west, the circulation of the latter advects
moisture to the west and triggers a new convection there.
However, the suppressed convection anomaly is more like
an eastward-propagating suppressed phase of MJO (their
Fig. 2a), which agrees with the downstream forcing scenario
proposed by Zhao et al. (2013). It also seems odd that the am-
plification of this intraseasonal suppressed convection anom-
aly collocates with the suppressed background convection
(their Fig. 10b), since a reduced background diabatic heating
indicates a weak circulation–convection–moisture feedback
which restrains the development of an anomalous descent
(Wu et al. 2009; Wang and Li 2021).

In the current study we aim to further understand the diversity
of the MJO initiation, with a particular focus on the classification
of initiation regions and associated initiation mechanisms. For
the former, we applied an objective cluster analysis to the MJO
initiations around the global tropics, but not a few regions subjec-
tively determined in advance. The initiation regions here actually
refer to several equatorial longitude zones since they are identi-
fied in the Hovmöller diagrams (see section 3 for detail). For the
latter, a lead–lag composite analysis is used to explore the precur-
sory signals and processes associated with the MJO initiation. In
particular, we placed focus on the moistening process that pre-
dominantly contributes to the convection onset. The composite
procedure provides a knowledge of which dominant processes
may contribute to the initiation over a given region, through ana-
lyzing the statistically significant signals. However, those un-
important or infrequent processes that cannot be statistically
significantly distinguished from background noises in the com-
posite are excluded. In addition, the climatological relative con-
tribution of each dominant process requires a case-by-case study,
which is beyond our scope.
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The rest of the paper is organized as follows. Section 2 in-
troduces the data and methods. Section 3 describes how the
MJO initiations are identified and the diversity of initiation
regions unveiled by the objective clustering method. Section 4
explores the precursory signals and processes associated with
the MJO initiation over each region. A summary and discus-
sion are given in section 5.

2. Data and methods

a. Data and preprocessing

The datasets used in this study include (i) the observed daily
outgoing longwave radiation (OLR) from the National Oceanic
and Atmospheric Administration (NOAA) (Liebmann and
Smith 1996); (ii) the CPC Merged Analysis of Precipitation
(CMAP) (Xie and Arkin 1997); (iii) the ERA5 reanalysis from
the European Centre for Medium-Range Weather Forecasts
(Hersbach et al. 2020); and (iv) the Group for High Resolution
Sea Surface Temperature (GHRSST) Level 4 AVHRR_OI
Global Blended Sea Surface Temperature Analysis (GDS2)
from NCEI, version 2.1 (Reynolds et al. 2007). The OLR
and CMAP datasets have a 2.58 3 2.58 spatial resolution. The
raw ERA5 reanalysis is available at hourly with a 0.258 3 0.258
spatial resolution, and has been preprocessed to daily and
2.58 3 2.58 by using temporal and area averaging. This reduc-
tion in resolution makes the ERA5 data compatible with the
observational OLR and CMAP datasets. It might also make
the variables more coherent with tropical convective activities
(Suematsu and Miura 2018). The sea surface temperature
(SST) data are daily at a 0.258 3 0.258 spatial resolution.
The period of boreal winters from 1979/80 to 2018/19 (from
November to April) is used in the research.

The slow climatological annual cycle (annual mean and first
three harmonics of climatological annual variation) of 1981–2010
has been removed to obtain the anomalous components. To
extract the MJO-scale intraseasonal anomalies, a 20–80-day filter
has been applied to the variables used in the lead–lag composite
analysis. In addition, only the eastward-propagating components
with zonal wavenumbers 1–9 of the intraseasonal OLR anoma-
lies are retained when identifying the MJO events. The low-
frequency background components are obtained by applying an
80-day low-pass filter to the raw anomalies. The temporal and
spatial–temporal filtering are based on one-dimensional and
two-dimensional Fourier harmonic analyses, respectively. A de-
tailed description of the MJO events identification and the clus-
ter analysis will be given in section 3. The composite procedure
will be described at the beginning of section 4.

b. Moisture budget diagnosis

A low-level (1000–500 hPa) moisture budget diagnosis is
applied in exploring the precursory signals and processes as-
sociated with the MJO initiation. First, a variable is decom-
posed into three different time scales:

X � X +X′ +X∗, (1)

where X represents any time-dependent variable, and is decom-
posed into a low-frequency background component (.80 day,

denoted by an overbar), an intraseasonal component (20–80
day, denoted by a prime), and a high-frequency component
(,20 day, denoted by an asterisk). Then, the low-level moisture
budget equation on the intraseasonal time scale is written as
follows:

〈­tq〉′ � 2〈u­xq〉′ 2 〈y­yq〉′ +Q′
C, (2)

where q is the specific humidity; and u and y are the zonal and
meridional velocities. The angle brackets represent a mass-
weighted vertical integration from 1000 to 500 hPa. Following
Chikira (2014) and Wolding and Maloney (2015), the vertical
moisture advection and the residual term (known as the ap-
parent moisture sink, Yanai et al. 1973) are combined as the
“column process”Qc.

We also diagnosed the surface upward water vapor flux
(WVF) and the relative contribution by the intraseasonal SST
anomaly to explore the possible role of air–sea interaction in
the MJO initiation. The WVF can be empirically resolved by
a bulk formula:

WVF � rceUDq, (3)

where r is the air density, ce is the turbulent exchange coeffi-
cient, U is the wind speed at 10 m above the sea surface, and
Dq is the specific humidity difference between sea surface air
and air at 2 m above. The surface specific humidity is com-
puted from the saturation humidity for pure water at the re-
spective SST, multiplied by a factor of 0.98 to fix the effect of
typical salinity (Yu 2007; Yu et al. 2008). Therefore, SST
change directly modulates the WVF by influencing Dq, and
the WVF change contributed by the intraseasonal SST anom-
aly is approximately calculated as follows:

WVF′
sst � (rce)UDq′: (4)

Namely, the intraseasonal WVF anomaly caused by the in-
traseasonal SST perturbation is mainly attributed to the Dq
change, where the other terms are treated as climatological.
For a detailed procedure, readers are referred to the appendix
A of Wang et al. (2018).

For convenience, we adopt the ERA5 reanalysis, which
provided all necessary variables to calculate Eqs. (3) and (4).
In a recent study (Pokhrel et al. 2020), the net heat flux and
its components in four reanalysis (including ERA5) and two
blended products are compared with in situ observations
(including daily time series from two buoys located in tropical
Indian Ocean). ERA5 performs best among all other prod-
ucts, which gives us confidence of applying the ERA5 prod-
ucts to estimate the WVF and its intraseasonal components.
However, it is worth pointing out that uncertainties might ex-
ist in both the reanalysis and the bulk method.

3. Cluster analysis for MJO initiation regions

a. Identification of MJO initiation region

The MJO initiation has been reported in various locations
of the tropics, and the diversity of which is to be concerned in
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this work. Therefore, Hovmöller diagrams across the full
longitude domain should be examined in order to capture all
possible initiation regions. Following Wang and Li (2021), the
OLR field is first subjected to a spatial–temporal filtering to
retain the period of 20–80 days and an eastward-propagating
component with zonal wavenumbers 1–9, so as to extract
MJO-scale signals in spatial and temporal domains (Kiladis
et al. 2014). The so-calculated OLR anomalies are then aver-
aged between 158S and 108N by taking into consideration of
the slight southward shift of the MJO paths during boreal win-
ter (Wang and Rui 1990; Zhao et al. 2013; Kim et al. 2017),
and then are plotted in the Hovmöller diagrams. To get
smooth contours and more precise initiation longitudes, the
Hovmöller diagrams are first interpolated to 18 resolution in
zonal direction, then the OLR anomalies are smoothed by a
5-day and 58 longitude running mean moving window. The
contours of210 and 10 W m22 (about one standard deviation
of the smoothed Hovmöller diagram averaged along the zonal
direction) are selected as criteria for convectively enhanced
and suppressed phases of MJO (in other words, “wet” and
“dry” events), respectively. Additional criteria are that an
MJO event must have a life span longer than 15 days and a
propagation length greater than 458 in longitude over the
warm pool region (558E–1408W). These criteria ensure that
all the selected events have an intraseasonal temporal scale, a
planetary spatial scale, and a life cycle that is mainly active
over the warm oceans. In total, 115 wet events and 119 dry
events are picked up from 1979/80 to 2018/19 boreal winters,
roughly 3 events each in a winter (6 months from November
to April).

Although not all the events identified are initiated over the
Indian Ocean as “classical” MJOs, the above criteria capture
the most essential features relevant to the MJO definitions
(Zhang 2005; Waliser et al. 2012; Wang et al. 2016; Wang and

Chen 2017). Namely, an MJO is a large-scale slowly eastward-
propagating (∼5 m s21; see Fig. S1 in the online supplemental
material for a histogram) intraseasonal convective system
along the equator with most of its life cycle over the warm
oceans (Fig. S2 shows Hovmöller diagrams of some individual
cases).

To determine the initiation longitude and date, we adopted
a tracking method proposed by Zhang and Ling (2017). For
an MJO event identified in the Hovmöller diagram, we use
the centroid of the contour to determine the reference longi-
tude [not the fixed 908E in the original procedure of Zhang
and Ling (2017)]. Then, we run a set of straight lines passing
the reference longitude at a given day inside the contour,
each with its own slope. The line segment inside the contour
with the largest OLR amplitude integrated along it is chosen
as the optimum path. The initiation longitude and date are
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FIG. 2. Longitude–lead/lag time diagrams of composite intraseaso-
nal anomalies averaged over 158S–108N of (a) precipitation (shaded)
and OLR (contours; 5 W m22 interval with zero omitted); and (b)
zonal wind at 200 hPa (shaded) and 850 hPa (contours; 0.5 m s21 in-
terval with zero omitted), for the MJO wet events initiated over the
AA region. Red dashed and solid lines in (b) are used for estimating
the eastward speed of 200-hPa zonal wind before and after decou-
pling from the convection, respectively. In this and subsequent fig-
ures showing spatial (or spatial–temporal) sections of composite in-
traseasonal anomalies, the shading, stippling (for contours, if
existing), and vectors (if existing) indicate statistically significant sig-
nals based on the FDR approach with aFDR 5 0.15. Vertical thick
dashed gray lines denote the longitude zone of the initiation region.
In a longitude–lead/lag time diagram, day 25 is highlighted by a thick
solid gray line, which roughly indicates the moment when organized
eastward propagation of significant OLR anomalies begins.
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simply identified according to the coordinate of the beginning
point of the line segment of the optimum path.

It is worth pointing out that the initiation date identified
with the above method does not necessarily represent the day
that OLR anomaly transits from positive to negative, which is
what is used in many previous studies (e.g., Zhao et al. 2013;
Mei et al. 2015; Li et al. 2015). However, our method accu-
rately captures the eastward-propagating nature of the MJO
(see Fig. S2 in the supplemental material for an example). For
some events that are not initiated over the western Indian
Ocean as classical MJOs, we noticed that before the orga-
nized eastward propagation, there might be weak but station-
ary convective activities on the intraseasonal time scale, which
should not be considered as a stage of MJO and are excluded
with our method.

b. Cluster analysis result of MJO initiation regions

With the MJO events and their initiation longitudes identi-
fied, the cluster analysis method (Kaufman and Rousseeuw
2005; Everitt et al. 2011; Wierzchon and Klopotek 2018) is
adopted to objectively group the MJO initiation regions into
a few longitude zones. To obtain an optimum result, the
hierarchical clustering and the k-means clustering methods

with a variety of parameter settings (including the number of
clusters, distance metrics and linkage methods) are tested, for
samples of total events (including wet and dry) and for wet
and dry events only.

After comparison, we find that the “Euclidean” distance
metric and the “average” linkage method are the most
straightforward for clustering spatial distance variables such
as the initiation longitudes. The dendrogram of the hierarchi-
cal cluster tree (Fig. S3a in the supplemental material) sug-
gests that setting the number of clusters to two or four would
be optimum. However, it is too rough to depict the diversity
of MJO initiation regions with only two longitude zones.
Therefore, we decided to group the initiation regions into
four longitude zones with the help of the hierarchical cluster-
ing. The mean silhouette value of which (Fig. S3b in the
supplemental material) is also among the highest in all tested
clustering results. A very similar result is given by the k-means
clustering method when the number of clusters is set to four.
Almost the same results are obtained for total events and for
wet or dry events only. There are a few cases with negative sil-
houette values at the edges of each cluster. Those events are ex-
cluded to eliminate uncertainties, which also makes the
longitude zones more distinguishable from each other.
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FIG. 3. Longitude–height diagrams of composite intraseasonal anomalies averaged over 158S–108N of vertical pressure velocity
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and vertically overturning circulation (vectors), for the MJO wet events initiated over the AA region.
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The final result of the cluster analysis for MJO initiation re-
gions is shown in Fig. 1. According to their geographical loca-
tions, the four longitude zones are referred to as (from west
to east): Atlantic and Africa (AA; 308W–308E), Indian Ocean
(IO; 408–858E), Maritime Continent (MC; 958–1308E), and
western Pacific (WP; 1358E–1808). There are 18, 71, 12, and
7 wet events identified in each region, respectively. As ex-
pected, the Indian Ocean and the Atlantic and Africa are
most favorable for MJO initiations (Wang and Rui 1990),
whereas some uncertainties might exist for the WP group since
only a few events were identified there. Although the east Pacific
warm pool is a well-documented region of intraseasonal convec-
tive variability during boreal summer (Maloney and Esbensen
2003), no event was detected in this region according to our crite-
ria since we focus on the winter season. Figure 1 also shows that
the distributions of total (wet plus dry) events and wet events are
similar.

4. Precursory signals and processes associated with MJO
initiation over each region

In this section, the precursory signals and processes associ-
ated with the MJO initiation over each longitude zones will
be studied. Only the initiations of wet events (MJO convec-
tively active phase) are concerned. The lead–lag composite

analyses are conducted for the intraseasonal (20–80-day tem-
poral filtered) anomalies. The initiation date is referred to as
day 0, and positive (negative) days indicate the time after (be-
fore) it. The spatial variables associated with each event are
slightly shifted in zonal direction before the composite, so as
to align the initiation longitude at the center of the longitude
zone. In another word, the composite is conducted as if all
the events are initiated at a same longitude. This amplifies
the precursory signals containing the information of relative
position, though at the cost of losing representativeness of
longitude and topography.

The statistical significance of composite anomalies is as-
sessed by a two-sided nonparametric rank-sum test, with a
null hypothesis that the composites have equal means of
the climatology. Following Wilks (2006, 2016), the false dis-
covery rate (FDR) (Benjamini and Hochberg 1995) is con-
trolled at the level aFDR 5 0.15. The local null hypotheses
are rejected if the respective p values are smaller than the
threshold value p∗FDR [see Wilks (2006, 2016) for details]. A
relatively higher aFDR is chosen because there are not
enough cases (less than 30) in the regions other than the
IO. A too strict aFDR (say, 0.05) results in unorganized
composite diagrams. We have to strike a balance between
the statistical significance and the physical interpretation.
According to Wilks (2016), for moderate and strong spatial
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FIG. 4. Longitude–latitude diagrams of composite intraseasonal anomalies of OLR (shaded) and 200-hPa horizontal winds (vectors) for
the MJO wet events initiated over the AA region.
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correlation (which is typically the case for intraseasonal fil-
tered variables), it is approximately that the global test
level aglobal � (1/2)aFDR � 0:075.

a. Atlantic and Africa (AA)

Figure 2 shows the longitude–lead/lag time diagrams of the
composites of MJO wet events initiated over the AA region,
with the initiation longitudes aligned. The significant MJO ac-
tive convection emerges after day 25 (denoted by the gray
line) and propagates eastward, whereas hardly any convective
anomalies can be detected inside the longitude zone before
the initiation (Fig. 2a). On the other hand, there is a clear east-
ward propagating upper-tropospheric westerly anomaly (Fig. 2b,
shading). The vertical and horizontal cross sections indicate that
the westerly anomaly originates from the upper-tropospheric
Kelvin wave response of the active intraseasonal convection over
the western Pacific (Figs. 3 and 4, from days 220 to 216). The
latter also shows a slowly eastward-propagating feature that can
be traced back to the eastern Indian Ocean (Fig. 2a), and could
be a previous active phase of MJO.

The active convection over the western Pacific propagates
eastward and decays rapidly near the date line (Figs. 3 and 4,
from days 212 to 24). As a result, the upper-tropospheric
westerly anomaly decouples from the convection and keeps
propagating eastward at a much faster speed close to that of a
free atmospheric Kelvin wave (5.9 m s21 before and 32.2 m s21

after decoupling; see the red lines in Fig. 2b), acting like

a circumnavigating signal (Knutson et al. 1986; Milliff and
Madden 1996; Sobel and Kim 2012). The descending branch
ahead (to the east) of the upper-tropospheric westerlies is very
weak, but is significantly enhanced as it arrives at the western
Indian Ocean.

It is speculated that the enhancement of the subsidence
anomaly over the western Indian Ocean (308–908E after
day 216) is achieved mainly through a positive circulation–
convection–moisture feedback. Namely, an external subsi-
dence forcing inhibits the background convection and causes
a negative diabatic heating anomaly there. The increased
boundary layer divergence as a response to the negative dia-
batic heating anomaly suppresses upward moisture transport,
which further weakens the convection and amplifies the subsi-
dence anomaly [see a schematic diagram in Wang and Li
(2021)]. The negative diabatic heating anomaly is key in this
positive feedback process, and the active background convec-
tions over the moist and warm Indian Ocean precondition it.
The external subsidence forcing here is mainly contributed by
the upstream circumnavigating upper-tropospheric westerlies,
but is not from the downstream vertically overturning circula-
tion of the preceding active MJO convection over the western
Pacific. Actually, there is hardly any significant subsidence
anomaly over the western Indian Ocean at around day 220,
implying a weak downstream forcing. As this preceding active
MJO convection moves eastward and decays (from days 220
to 28, 1208E–1508W), its downstream forcing should be even
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weaker, contradicting the enhancement of the subsidence
anomaly over the western Indian Ocean (308–908E).

The enhanced descending causes a low-level easterly
anomaly through ER wave response that transports higher
background moisture over the Indian Ocean to the west
(Fig. 3, right panel). A low-level moisture budget diagnosis
shows that such a zonal advection process is the primary
contributor of the moistening over the AA before the MJO
initiation (Fig. 5a). The zonal moisture advection from east
of the initiation region is similar to the downstream process
in Zhao et al. (2013) for western Indian Ocean initiation.
However, here, in the AA, the descent perturbation of the
upstream circumnavigating signal plays a crucial role in
causing the low-level easterly anomaly, which is absent in
the downstream forcing scenario proposed by Zhao et al.
(2013).

The ascending branch to the west of the upper-tropospheric
westerlies appears to have triggered an active convection over
the Amazon region (608–308W) after day 210, possibly sup-
ported by topographic lifting. Although it is disconnected from
the eastward propagation of the MJO initiated over the AA re-
gion (Fig. 2a), it might be helpful in supporting the low-level
easterly anomaly through a vertically overturning circulation
during the MJO initiation over the AA (Fig. 3, right panel).

In contrast to the upper level, there is no significant and
continuously eastward-propagating low-level easterly anom-
aly before the AA initiation (Fig. 2b, contours). In this case,
the role of convergence of circumnavigating low-level Kelvin
wave easterly (e.g., Kikuchi and Takayabu 2003; Chen and
Zhang 2019) should be minor.

In the above scenario, the upstream circumnavigating signal
triggers MJO initiation over the AA. However, its direct
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forcing, including the low-level convergence and the ascend-
ing branch, plays a secondary role. Rather, the descending
branch ahead of the upper-tropospheric Kelvin wave wester-
lies plays a crucial role, through a relay effect of the warm
and moist Indian Ocean.

The low-frequency background anomalies (80-day low-pass
filtered) associated with AA initiation are explored (Fig. 6a).
A La Niña–like background SST pattern is found to be favor-
able of AA initiation. On one hand, the warm western Pacific
(although not significant as controlled by the FDR) maintains
a strong MJO convection there. On the other hand, the cold
eastern Pacific makes the MJO convection decays rapidly
after it moves out of the warm pool, so that the upper-
tropospheric westerlies are more readily to decouple from the
convection. In addition, significant cold and dry background
anomalies are found extending from the date line all the way
to the west coast of Africa, while the Indian Ocean is close to
the normal. The circulation–convection–moisture feedback is
thus inhibited over the cold oceans, so that the descent branch
should not be enhanced until it arrives at the western Indian
Ocean.

Figure 7 is a schematic diagram illustrating the precursory
signals and processes associated with the AA initiation. For
the sake of brevity, detailed explanations of the schematics
will be provided in section 5.

b. Indian Ocean

The longitude–lead/lag time diagrams of composite intra-
seasonal anomalies associated with the MJO initiation over
the Indian Ocean (IO) region are shown in Fig. 8. The com-
posite MJO behaves as continuous and alternating occur-
rences of wet and dry events over the IO propagate eastward,
just like the classical MJO. In comparison to the AA initia-
tion, hardly any statistically significant and continuously prop-
agating upstream signals associated with the IO initiation can
be detected. The preceding MJO wet phase in the IO initia-
tion (Fig. 8a, from days 240 to 210) also propagates for a
shorter time period and decays earlier than that in the AA ini-
tiation (Fig. 2a, from days 240 to 0), as the latter successfully
passed through the date line and propagated another 308 in
longitude, while the former failed. Given the fact that IO lo-
cates to the east of AA, it would be much more difficult for
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the preceding MJO wet phase to exert an upstream effect to
the IO longitude zone, simply because of the longer distance.

The above facts imply that rather than the upstream forcing,
the downstream effect by the preceding MJO dry phase could
be more important to the MJO wet phase initiation over the
IO, as reported in previous studies (Zhao et al. 2013; Li et al.
2015). The vertical cross section (Fig. 9) shows that for a wet
(dry) MJO initiated over the IO region, the eastward zonal dis-
tance to the preceding dry (wet) event is short, not longer than
908 in longitude. In an idealized scenario, the descending branch
of an equatorial deep convective heating is located approxi-
mately 908 west (or 2708 east) of the convection, since the equa-
torial Kelvin wave has about 3 times the speed of the equatorial
Rossby wave (Matsuno 1966; Gill 1980). This implies that 908 in
longitude is a potential upper limit of downstream forcing dis-
tance of the ER wave response to deep convective heating. The
vertically overturning circulations within a zonal scale of 908 be-
tween those successive wet and dry events are clearly identified
in Fig. 9 for the IO scenario, indicating a strong downstream
forcing via ER wave response. In contrast, such a downstream
effect is not as evident at the early stage of the AA initiation.

As the preceding MJO dry phase propagates eastward, the
associated low-level easterly anomaly transports higher back-
ground moisture to the western Indian Ocean (Fig. 9, from
days 212 to 0). This is the dominant factor in the moistening
over the IO during the preinitiation stage, as confirmed by the
moisture budget diagnosis (Fig. 5b). Such a downstream forc-
ing procedure agrees with previous studies (Zhao et al. 2013;
Mei et al. 2015; Li et al. 2015).

In addition to the moisture advection, the surface upward
water vapor flux also contributes positively in the IO initia-
tion, which is the only case among the four regions (Fig. 5).
The positive WVF anomaly over the IO is dominantly con-
tributed by the increased sea–air specific humidity difference
[Eq. (4)]. As shown in Fig. 10, a warm SST anomaly emerges
over the IO as the preceding MJO dry phase develops and
propagates eastward. This significant warm SST anomaly is
jointly caused by the reduced near-surface wind speed
(easterly anomaly of the dry phase against the mean surface
westerly in winter), the increased insolation due to suppressed
convection, and the shallower mixed layer in winter (Waliser
et al. 2003, 2004; Li et al. 2008). As a result, this warm SST
anomaly exerts a delayed effect to the upcoming MJO wet
phase through increasing the WVF and low-level instability,
implying a two-way air–sea interaction scenario on the intra-
seasonal time scale (Li et al. 2008).

Since the IO initiation is the most frequent, there is no
organized and significant background anomalies associated
with it (Fig. 6b). Figure 11 is a schematic diagram summarizing
all relevant initiation processes in IO.

c. Maritime Continent

Several features are noticed in the longitude–lead/lag time
diagram of composite intraseasonal OLR and precipitation
anomalies associated with the MJO initiation over the Mari-
time Continent (MC) region (Fig. 12a, Fig. S4a in the
supplemental material). First, to the west of the MC longitude
zone there is hardly any statistically significant signal prior to
the large-scale eastward propagating convection. This indi-
cates that the MC initiation events identified here are rela-
tively independent, and should not be considered as a stage of
the “jumping” type of the MJO (Wang et al. 2019). The
“jumping” type has a preceding eastward propagation over
the Indian Ocean, which is disrupted by the Maritime Conti-
nent barrier (Zhang and Ling 2017) while another convective
region emerges over the western Pacific. Second, before the
organized eastward propagation, there exist weak and quasi-
standing convective activities inside the MC longitude zone.
They last about 10 days and therefore could be regarded as an
intraseasonal disturbance, but not the MJO since they are sta-
tionary. Finally, a westward-propagating suppressed convec-
tion anomaly from the east is detected before the MJO
initiation.

The westward-propagating suppressed convection anomaly
from the east is the most prominent precursory signal. By ex-
amining the associated low-level horizontal circulations
(Fig. 13, left panel) and its propagating speed (about 3.9 m s21),
we speculate that it is a dry phase of convectively coupled ER
wave (Wang 1988; Wang and Xie 1996; Xie and Wang 1996).
The low-level anticyclonic gyres on both sides of the equator are
clearly identified. The geographical location and propagation of
the circulation anomalies are coherent with the suppressed con-
vection anomaly (Figs. 12 and 13), considering that the ER wave
circulation response shifts westward (Matsuno 1966; Gill 1980).
Due to extratropical disturbances in the Northern Hemisphere,
the symmetry of the anticyclonic gyres about the equator is not
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FIG. 8. As in Fig. 2, but for MJOs initiated over the IO region.
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quite clear before day 212. The Southern Hemisphere cell is
more prominent possibly because it is propagating within a more
favorable background (i.e., the South Pacific convergence zone).
In this case, only the Southern Hemisphere components are
shown for the convection and low-level relative vorticity anoma-
lies in the longitude–lead/lag time diagrams (Fig. 12). As this sup-
pressed convection anomaly moves westward, it is enhanced
through a same positive feedback mechanism between circulation
and negative diabatic heating anomaly described before. The as-
sociated ER wave response also begins to dominate the equato-
rial circulation anomaly and makes it more symmetric about the
equator (Fig. 13, day26 in left panel).

The background state associated with MC initiation shows a
weak El Niño–like SST pattern (Fig. 6c). This weakens the
background zonal moisture gradient between the warm pool
and eastern Pacific, but sharpens the meridional gradient
around the MC region. In addition, the warm and moist back-
ground near the date line preconditions a positive circulation–
convection–moisture feedback, favoring the enhancement of a
westward-propagating dry ER wave.

The low-level circulation associated with the dry ER wave
contributes moisture advections to the west (Fig. 5c). With
the background moisture pattern described above, unlike
those in the AA and IO initiations, the zonal advection be-
comes less important. Instead, the poleward flows of the twin

anticyclonic ER wave gyres play an important role, as the
mean moisture is maximized along the equator, and such a
meridional gradient is sharpened by the El Niño–like back-
ground SST pattern.

This meridional moisture advection procedure is similar to
one of the MJO propagating mechanisms in the view of mois-
ture mode theory (Kim et al. 2014; Wang et al. 2017). In the
theory proposed by Kim et al. (2014), the descending branch
in front of the MJO convection causes a negative diabatic
heating anomaly and anticyclonic low-level ER wave re-
sponse. The strength of the descent finally determines
whether the MJO propagates or not. Here for the MJO initia-
tion over the MC, the poleward flows arise from a dry ER
wave intrusion.

What causes the quasi-standing convection anomaly over
the MC before the large-scale eastward propagation takes
place, and why it becomes an eastward-propagating MJO
afterward? It is possible that this quasi-standing convec-
tion anomaly arises from cooperative interactions between
eastward and westward convectively coupled intraseasonal
perturbations (Zhang and Hendon 1997; Roundy and Frank
2004), and the precursory dry ER wave may play a role in it.
The evolution of the low-level moisture anomaly (contours in
the right panel of Fig. 13) suggests that before day25, large-scale
dry anomalies associated with the ER wave locate east of the
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FIG. 9. As in Fig. 3, but for MJOs initiated over the IO region.

WANG AND L I 673115 OCTOBER 2022

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 03:06 PM UTC



MC region. This inhibits the eastward propagation of the convec-
tive activities over the MC. On the other hand, the poleward
flows of the ER wave gyre moisten the MC region through ad-
vecting background moisture, promoting the convection develop-
ing in situ. Once deep convection is triggered, the intruding ER
wave from the east is gradually replaced by a strong Kelvin wave
response (Fig. 13, day 0). The boundary layer convergence of the
Kelvin wave causes an asymmetric zonal moisture distribution
that tilts eastward and downward. Such a boundary layer mois-
ture leading structure is one of key factors determining the MJO
eastward propagation (Hsu and Li 2012).

Some past studies suggest that dry ER wave precursors
propagated from east of the MC sector stifle the MJO propa-
gation (Feng et al. 2015; Demott et al. 2018), which seems a
bit at odds with the MC initiation mechanism proposed here.
However, we argue there are two major differences. First,
what we are studying is the mechanism of initial onset of

MJO convection before it moves eastward, while those past
studies care about how an MJO passes through the MC bar-
rier. The latter is essentially a propagating mechanism. Sec-
ond and the most important, the MC initiations are associated
with a specific background state (El Niño–like SST pattern),
which makes the moisture advections different from those
proposed in the past studies. A dry ER wave stifles the MJO
propagation mainly through advecting dry subtropical air into
the tropics (Demott et al. 2018) and dry eastern Pacific air
westward (Feng et al. 2015; Demott et al. 2018). The mean
easterly also advects anomalous dry air of the ER wave west-
ward (Feng et al. 2015). The above scenario is more frequent
during La Niña (Demott et al. 2018). In contrast, during El
Niño, the eastern Pacific is moister and the mean easterly is
weakened (Fig. 6c). Meanwhile, the poleward flows of the ER
wave cooperate with a sharpened meridional moisture gradient
over the MC, resulting in a positive moisture advection and pro-
moting the convection initiation there. The dry ER wave is thus
replaced by a Kelvin wave response associated with abundant
low-level moisture. This also gives a hint that during El Niño, it
is possible that a dry ER wave from the east promotes the MJO
eastward propagation rather than hinders it.

Figure 14 illustrates all essential processes of MJO initia-
tion over MC.
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d. Western Pacific

There are only a few wet event initiations identified over
the western Pacific (WP) region (7 in total). The composite
longitude–lead/lag time diagrams (Fig. 15) seem a little bit
noisy. Those standing, westward and eastward-propagating
signals are evident, implying complicated interactions of
convectively coupled intraseasonal perturbations (Zhang
and Hendon 1997; Roundy and Frank 2004). The convective
activities inside the WP longitude zone show an oscillating
feature of short period that approaches the quasi-biweekly
time scale. Two branches of eastward-propagating low-level
zonal wind anomalies (Fig. 15b, contours) are found dis-
rupted over the MC region but reemerge to the east, sug-
gesting the corresponding convective anomalies might
resemble the “jumping” type MJO suggested by Wang et al.
(2019).

The most prominent precursory signal of the WP initiation
is a suppressed convection anomaly that originates inside the
WP longitude zone and propagates eastward. A further exam-
ination of the horizontal maps and vertical cross sections
(Fig. 16) reveals its equatorial-trapped and slowly eastward-
propagating (about 2.9 m s21) features, all agree with the
characteristics of the MJO. Therefore, we argue that the

initiation of the MJO wet phase over the WP has a similar
downstream forcing scenario as in the IO. That is, a preceding
MJO dry phase that propagates eastward brings moisture ad-
vection through the low-level ER wave response.

The associated background state of the WP initiation
(Fig. 6d) supports the downstream forcing scenario. Similar to
those in the MC initiation, an El Niño–like background SST
pattern is found, accompanied with increased moisture and
weakened mean easterly over the central and eastern Pacific,
and a sharpened meridional moisture gradient inside the WP
longitude zone. In comparison to the MC initiation (Fig. 6c),
the background warm SST over the eastern Pacific is much
stronger and shift eastward in the WP initiation. The corre-
sponding eastern Pacific moisture also has a much higher de-
parture from the climatology, favoring MJO activities near
and east of the date line.

In the existence of above background state, a low-level
moisture budget analysis (Fig. 5d) suggests that the westward
and poleward low-level anomalous flows of the preceding sup-
pressed phase of MJO advect background moisture to the WP
region. The two processes have almost equivalent strength.
The anomalous low-level moistening first takes place in the
MC sector and moves eastward as the suppressed phase of
MJO moves (Fig. 16, right panel). However, the convection
was not developed to the west of the WP longitude zone
where background is relatively colder and drier during El
Niño. The initiation takes place until the anomalous moisten-
ing encounters the higher background moisture inside the WP
longitude zone.

Figure 17 provides a schematic diagram for MJO initiation
in WP.

5. Summary and discussion

a. Summary

We explored the diversity of MJO in terms of its initiation,
which refers to the initial onset of active convection before it
moves eastward. First, the MJO events are identified around
the global tropics for boreal winters from 1979/80 to 2018/19,
and then an objective clustering method is applied to the initi-
ation longitudes of identified events, so as to group the MJO
initiation regions into a few equatorial longitude zones, the
Atlantic and Africa sector (AA; 308W–308E), Indian Ocean
(IO; 408–858E), Maritime Continent (MC; 958–1308E), and
western Pacific (WP; 1358E–1808). Next, the precursory sig-
nals and processes associated with the MJO initiation over
each region are examined through a composite analysis. The
MJO initiation mechanism is found to be region-dependent,
and is summarized below using the schematic diagrams.

The AA initiation mechanism acts like a circumnavigating
scenario, whereas the descending perturbation with the help
of a relay effect of Indian Ocean holds the key. The precur-
sory signal can be traced back to an intraseasonal convection
over the western Pacific (Fig. 7a), which then moves eastward
out of the warm pool and decays (Fig. 7b, shrunk blue cloud)
over the La Niña–like colder and drier background (blue shad-
ing with white stripes). As a result, the Kelvin wave response
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FIG. 12. Longitude–lead/lag time diagrams of composite intrasea-
sonal anomalies of (a) precipitation (shaded) and OLR (contours;
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(b) 850-hPa vorticity averaged over 58–208S (shaded) and 850-hPa
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a mean speed of 3.9 m s21. Some variables are averaged south of
the equator because their corresponding precursory signals are
more confined to the south. The lead/lag time is cut off at day 225
to highlight the precursory signals of the dry ER wave. Figure S4 in
the supplemental material gives the diagrams for MC initiation
with the same settings used in the other regions.
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decouples from the convection, and the upper-tropospheric
westerly anomaly propagates eastward at a faster speed (thick
black arrow). Once the descending branch ahead (orange
arrow) arrives at the western Indian Ocean where convection
is climatologically active, it is amplified through a positive
feedback with the induced negative diabatic heating anomaly
(orange cloud, here indicating that the climatologically active
convection is damped). As a result of the ER wave response
to the latter, the low-level easterly anomaly transports higher
mean moisture west to the AA region (green arrow). This pri-
mary process triggers a new MJO convection over the AA
(Fig. 7c). Unlike most previous studies that emphasized the
direct lifting effect of the circumnavigating disturbance, here
we argue that the descending branch of the Kelvin wave holds
the key in the convection onset, and the warm and moist In-
dian Ocean plays a relay role.

The IO initiation arises mainly from the downstream forcing
and the delayed air–sea interaction. A preceding convectively
suppressed phase of MJO (Fig. 11a) moves eastward and de-
velops (Fig. 11b). The associated low-level easterly anomaly
transports mean moisture to the west (green arrow). The intra-
seasonal warm SST anomaly (red shading) caused by the pre-
ceding suppressed phase of MJO generates a delayed effect by
increasing the surface evaporation. A successive active MJO
convection is thus initiated over the IO (Fig. 11c). The above
processes agree with the downstream forcing scenario sug-
gested by Zhao et al. (2013), and the delayed air–sea interac-
tion mechanism proposed by Li et al. (2008).

The MC initiation begins from an ER wave to the east,
which propagates westward and is associated with suppressed
convection (Fig. 14a, orange cloud). The originally weak and
standing intraseasonal convection over the MC (Fig. 14b, blue
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cloud) is enhanced by the meridional advection of mean mois-
ture, in which the poleward flows of the twin anticyclonic ER
wave gyres play a dominant role (curved green arrows). As
long as the intraseasonal convection over the MC intensifies
and the dry ER wave decays, the former propagates eastward
in the existence of low-level moisture leading, indicating the
initiation of MJO over the MC (Fig. 14c). The El Niño–like
warm background of the central and eastern Pacific (red shad-
ing with white stripes) favors activities of MJOs and convec-
tively coupled ER waves, and also significantly sharpens the
meridional gradient of background moisture in the MC sector.

The WP initiation (Fig. 17) is similar to the downstream
forcing scenario in the IO. A strong El Niño–like warm back-
ground (red shading with white stripes) causes a much higher
departure of eastern Pacific moisture from climatology, favoring
MJO activities near and east of the date line. It also sharpens
the meridional gradient of background moisture inside the WP
longitude zone. In this case, both zonal and meridional advec-
tions of mean moisture, respectively, by westward and poleward
intraseasonal flows of the preceding suppressed phase of MJO
are contributing equivalently (Fig. 17b, green arrows). The
MJO initiation takes place over the WP when there is abundant
moisture (Fig. 17c).

In addition to tropical origins as summarized above, the
role of extratropical forcing in MJO initiation has been re-
ported in past studies. We have attempted to explore this pos-
sibility in the region-dependent MJO initiation mechanisms.
The composite extratropical wave activity fluxes from North-
ern (Southern) Hemisphere are found convergent to the AA
(IO, MC, WP) longitude zone before day 0 (Fig. S5 in the
supplemental material), and therefore may play a role
in the MJO initiation there. However, details relevant to the
extratropical forcing and interactions with the tropical pro-
cesses require a further case-by-case study.

b. Discussion

In comparison to a recent study relevant to the similar issue
(Takasuka and Satoh 2021), we identify that AA (Atlantic and
Africa) is one of the principal MJO initiation regions, which
was reported in previous observational studies (e.g., Wang and
Rui 1990) but absent in Takasuka and Satoh (2021). This is be-
cause in our study, the MJO events are identified around the
global tropics, and the classification of initiation regions is
achieved by an objective clustering method. On the contrary,
Takasuka and Satoh (2021) subjectively determined the initia-
tion regions in advance. The other three regions are similar,
except that the IO in our study shifts westward, which is con-
sistent with the observations (Zhao et al. 2013).

It is worth pointing out that the cluster analysis we applied
is an objective method, but “objective” does not imply
completely free of human intervention. Similar to other com-
monly used objective methods (wavelet analysis, for instance),
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several tunable parameters need to be set manually in ad-
vance. For the cluster analysis, one advantage is that there are
objectively obtained supplemental diagrams (such as dendro-
grams and silhouette values) to help decide which clustering
results are optimum. However, uncertainties may still exist,
particularly for events at the edges of each cluster. Section 3b
describes our clustering procedure.

The initiation mechanism relevant to the diversity of MJO
initiation regions is region-dependent. Particularly, we found
that the circumnavigating signal that was previously demon-
strated not to be crucial in the IO initiation (e.g., Zhao et al.
2013; Ray and Li 2013; Li et al. 2015; Maloney and Wolding
2015) plays a dominant role in the AA initiation. Unlike most
previous studies that emphasized the direct lifting effect in the
circumnavigating theory, we argue that it is the descending
perturbation relayed by a convectively active background that
contributes to the new convection onset. For the MC initia-
tion, the ER wave intrusion scenario proposed in our study

has also been reported in Takasuka and Satoh (2021), but it is
not applicable to the same region (WP in their work). Cur-
rently we are not sure about the reason. After all, the region
definitions are not exactly the same, and both works suffer from
too few cases over the MC and WP. We have also discussed the
differences between the roles of ER wave intrusion in MC initi-
ation and in MC barrier effect at the end of section 4c.

Although the eastward propagations of MJO also show a
diversity and the physical mechanism to explain it is still open
(Suematsu and Miura 2022), the initiation mechanism has its
own unique complexity since it concerns the formation of an
intraseasonal disturbance from scratch, or from a weak and
standing perturbation to a strong and propagating one (e.g.,
the MC scenario). Besides, there are various sources contrib-
uting to the initiation, including tropical atmospheric pro-
cesses, delayed air–sea interactions, and extratropical origins.
The current study explores the initiation mechanism through
a composite procedure. Those significant composite results
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suggest a list of candidate processes appropriate to most of
the MJO initiations over a given region, helping us understand-
ing how the dominant initiation mechanisms vary as a function
of geographical location. However, it does not assume that
there is a single mechanistic pathway. For instance, the down-
stream moisture advection, the delayed air–sea interaction,
and the extratropical forcing may or may not work in concert
in each individual case of IO initiation. It is also possible that
some unimportant or infrequent processes are ignored due to
limited sample size. Issues about how the initiation processes
vary from case to case and what are their climatological rela-
tive contributions (e.g., Mei et al. 2015; Li et al. 2015; Feng and
Li 2016) are beyond our scope, and should be addressed in the
future, perhaps with a particular focus on the contrast between
primary and successive events. In addition, Takasuka and
Satoh (2021) showed that numerical experiments would be a
useful tool in verifying the background modulation on favorable
initiation regions, and should be adopted in the future work.
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