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ABSTRACT: The diversity of the Madden–Julian oscillation (MJO) in terms of its maximum intensity, zonal extent, and

phase speed was explored using a cluster analysis method. The zonal extent is found to be significantly correlated to the

phase speed.A longer zonal extent is often associatedwith a faster phase speed. The diversities of zonal extent and speed are

connected with distinctive interannual sea surface temperature anomaly (SSTA) distributions and associated moisture and

circulation patterns over the equatorial Pacific. AnEl Niño–like background SSTA leads to enhanced precipitation over the

central Pacific, allowing a stronger vertically overturning circulation to the east of the MJO. This promotes both a larger

east–west asymmetry of column-integrated moist static energy (MSE) tendency and a greater boundary layer moisture

leading, serving as potential causes of the faster phase speed. The El Niño–like SSTA also favors theMJOs intruding farther

into the Pacific, causing a larger zonal extent. The intensity diversity is associated with the interannual SSTA over the

Maritime Continent and backgroundmoisture condition over the tropical IndianOcean. An observed warm SSTA over the

Maritime Continent excites a local Walker cell with a subsidence over the Indian Ocean, which could decrease the back-

ground moisture, weakening the MJO intensity. The intensity difference between strong and weak events would be am-

plified due to distinct intensity growth speed. The faster intensity growth of a strongMJO is attributed to a greater longwave

radiative heating and a greater surface latent heat flux, both of which contribute to a greater total time change rate of the

column-integrated MSE.

KEYWORDS: Madden-Julian oscillation; Intraseasonal variability; Tropical variability

1. Introduction

The Madden–Julian oscillation (MJO) is the dominant in-

traseasonal mode of tropical atmosphere. It was first discov-

ered by Madden and Julian (1971, 1972), but the detection of

the tropical 40–50-day signal could be traced back to Xie et al.

(1963) [see a recent review by Li et al. (2018)]. TheMJO exerts

significant impacts on global weather and climate across dif-

ferent spatial and temporal scales (Zhang 2005, 2013; Li et al.

2020), and therefore serves as a major predictability source for

subseasonal forecast (Vitart et al. 2017; Kim et al. 2018; Wang

et al. 2020). Thus, it is of great importance to understand the

physical mechanisms of MJO.

The MJO is generally characterized by a large-scale enve-

lope of convective anomalies that propagates slowly eastward

along the equator, with a principal period of 30–60 days and

zonal wavenumbers of 1–3 (Madden and Julian 1994; Li 2014).

The active convection and enhanced subsidence anomaly in

the front cause a horizontal Rossby–Kelvin wave couplet pat-

tern of MJO (Rui and Wang 1990; Wang and Li 1994; Hendon

and Salby 1994). The boundary convergence in the front and

the upper-level stratiform clouds in the rear form a westward-

tilted vertical structure of MJO (Sperber 2003; Lin et al. 2004;

Hsu and Li 2012; Wang et al. 2017).

Currently a widely accepted theory for explaining MJO

propagation is themoisturemode theory. The hypothesis behind

this theory is that processes controlling the zonal asymmetry

of the moisture or moisture tendency hold a key for the

propagation, while the symmetric component (relative to

the MJO convection) is critical for intensity change. After

years of development, the moisture mode theory can be well

separated into two types (Li et al. 2020; L. Wang and Li

2020; Hu et al. 2021). The first type emphasizes the asym-

metry of the column-integrated moist static energy (MSE)

tendency anomaly (Maloney 2009; Raymond and Fuchs

2009; Sobel and Maloney 2013; Kim et al. 2014; Adames and

Kim 2016; Wang et al. 2017; Li and Hu 2019; T. Wang and Li

2020). The advections of background MSE by the meridio-

nal and vertical intraseasonal flows are dominant processes

that contribute to the east–west asymmetry of MSE ten-

dency in MJO. The meridional advection is associated with

the Rossby wave response to MJO convection and subsi-

dence perturbations (Kim et al. 2014; Adames and Kim

2016), while the asymmetry of the vertical advection is

mainly attributed to the upper-level stratiform clouds in the

rear of deep convection (Wang et al. 2017; Li and Hu 2019).

The second type of moisture mode theory emphasizes the

boundary layer moisture anomaly leading (Hsu and Li 2012;

T. Wang et al. 2018). The accumulation of the boundary

layer moisture to the east of the MJO convection results

primarily from the enhanced boundary layer convergence,

which is contributed by both Kelvin wave response and

warmer sea surface temperature anomalies (SSTAs).

It is worth noticing that the dominant processes in both

types of moisture mode theory are associated with the generalCorresponding author: Tim Li, timli@hawaii.edu
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structures of the MJO, namely, the horizontal Rossby–Kelvin

wave couplet and the westward-tilted vertical structure. This

implies that the MJO propagation and intensity characteristics

would be sensitive to its own structure change, while the latter

could be modulated by the background states. Actually, the

year-to-year changes of the MJO activities have early been

noticed (Lau and Chan 1986; Gutzler and Madden 1989;

Gutzler 1991; Salby and Hendon 1994). Later studies unveiled

the variabilities of MJO in terms of many aspects, such as

the zonal extent or life cycle (e.g., Fink and Speth 1997;

Hendon et al. 1999; Tam and Lau 2005; Kim et al. 2014; Feng

et al. 2015a; Suematsu and Miura 2018), the propagation

speed (e.g., Tam and Lau 2005; Pohl and Matthews 2007;

Izumo et al. 2010; Chen et al. 2016; Wei and Ren 2019; Chen

and Wang 2020), and the intensity (e.g., Pohl and Matthews

2007; Feng et al. 2015b; Chen et al. 2016; Deng et al. 2016;

L. Wang et al. 2018). Most of the studies argue that the

MJO variabilities are strongly modulated by the interannual

changes of tropical SSTAs.

The variabilities of MJO in terms of its zonal extent, prop-

agation speed, and intensity imply the complexity of individual

MJO events. A recent study byWang et al. (2019) proposed the

concept of diversity of MJO. They applied a cluster analysis to

the Hovmöller diagrams of MJO events to objectively group

the MJOs into four clusters. According to the propagation

characteristics revealed by the composite Hovmöller diagrams,

the four clusters are referred to as standing, jumping, slow, and

fast. They argue that the tight coupling between the Kelvin

wave response and the MJO convection distinguishes the

propagating and nonpropagating events, while the strength

and length of Kelvin wave response determine the speed. The

background SSTAs over the tropical Pacific affect the MJO

diversity by modifying the Kelvin wave response.

The four clusters suggested byWang et al. (2019) distinguish

the individual MJO events from each other in terms of their

propagation characteristics, but such a clustering failed to

capture the diversity of the MJO intensity. It is also arguable

whether the standing and jumping types correspond with the

definition of MJO which emphasizes the eastward propa-

gating. We speculate that although the Hovmöller diagrams

contain information regarding both propagation and inten-

sity, the latter is not expressed in a concentrated and explicit

manner such that the diversity of propagation might stand

out in the cluster analysis. Meanwhile, those nonpropagating or

westward-propagating signals are also contained in the temporal-

filtered Hovmöller diagrams.

Inspired by the pilot work of Wang et al. (2019), we would

like to conduct a more comprehensive study on the diversity of

MJO, in which both propagation and intensity diversities are

addressed. As a powerful tool used by Wang et al. (2019), the

cluster analysis would also be adopted as a key to classify dif-

ferent types ofMJOs. But rather than theHovmöller diagrams,

we attempt to use only a few variables to describe and cluster

the MJO events, such that the information regarding the

propagation and intensity would be more concentrated and

more equally weighted. A spatial–temporal filter would be

applied to extract the eastward-only signals. The factors con-

trolling the MJO propagation and intensity diversities would

be explored from the aspect of MJO internal dynamics under

the framework of moisture mode theory, and from the aspect

of background states.

The rest of the paper is organized as follows. Section 2 in-

troduces the data and methods. Section 3 describes how the

MJO events are identified and the diversities of MJO unveiled

by the cluster analysis. Sections 4 and 5 explore what factors

control the MJO propagation and intensity diversities, re-

spectively. A summary is given in section 6.

2. Data and methods

a. Data and preprocessing

The datasets used in this study are 1) the observed daily

outgoing longwave radiation (OLR) from the National Oceanic

and Atmospheric Administration (NOAA) (Liebmann and

Smith 1996); 2) the ERA5 from the European Centre for

Medium-Range Weather Forecasts (Hersbach et al. 2020);

and 3) theGroup for HighResolution 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 data have a 2.58 3 2.58
spatial resolution. The raw ERA5 dataset is available at hourly

with a 0.258 3 0.258 spatial resolution, and has been averaged

into daily and 2.58 3 2.58 resolutions in this study. The sea sur-

face temperature data are daily at a 0.258 3 0.258 spatial reso-
lution. The period of 1979/80 to 2018/19 boreal winters (from

November to April) is used in the research.

The climatological annual cycle of 1981–2010 has been

removed to obtain the anomalous components. To extract

the MJO-scale intraseasonal anomalies, a bandpass filter

with a passband of 20–80 days in period has been applied. In

addition, the eastward-propagating components with zonal

wavenumbers 1–9 of the intraseasonal OLR anomalies are

filtered out to identify the MJO events. A detailed de-

scription will be given in section 3a.

b. Cluster analysis and diagnostic methods

Following Wang et al. (2019), the cluster analysis (Kaufman

and Rousseeuw 2005; Everitt et al. 2011; Wierzchon and

Klopotek 2018) is used to objectively examine the diversity of

the MJO. Both hierarchical clustering and k-means clustering

are tested to group the selectedMJO events into a few clusters,

based on three different properties regarding the intensity and

propagation of theMJO.A detailed description will be given in

section 3b.

To unveil the dynamic causes of the MJO propagation and

intensity diversities, the MSE budget diagnosis is conducted.

The moist static energy M at a constant pressure level is de-

fined as

M[C
p
T1L

e
q1 gz , (1)

where T is the air temperature, q is the specific humidity, z is

the geopotential height, Cp is the specific heat capacity at

constant pressure (51004J K21 kg21), Le is the latent heat

of vaporization (52.5 3 106 J kg21), and g is the gravita-

tional acceleration (59.8 m s22). Following Neelin and
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Held (1987), the column-integrated MSE budget equa-

tion can be written as

h›
t
Mi0 52hV � =

h
Mi0 2 hv›

p
Mi0 1 hQ

r
i0 1Q0

t , (2)

where V is the horizontal wind vector, =h is the horizontal

gradient operator, v is the vertical pressure velocity, p is the

pressure,Qr represents the sum of the shortwave and longwave

radiative heating, and Qt represents the sum of the surface

upward sensible and latent heat fluxes. The angle brackets

represent a mass-weighted vertical integration from the sur-

face to 100-hPa level. To diagnose theMSE budget on theMJO

time scale, a 20–80-day bandpass filter (denoted by a prime) is

applied to Eq. (2).

To identify the relative contributions of different time scales

and their nonlinear interaction effects in the intraseasonal

MSE budget, a decomposition method similar to that used in

Hsu and Li (2012) and Li et al. (2015) is applied:

X5X1X 0 1X*, (3)

where X represents any time-dependent variable, and is de-

composed into a low-frequency component (.80 days,

denoted by an overbar), an intraseasonal component (20–

80 days, denoted by a prime), and a high-frequency component

(,20 days, denoted by an asterisk). It is worth noticing that the

low-frequency component represents the slow-varying back-

ground of intraseasonal oscillations, which contains the cli-

matological annual cycle, the interannual to multidecadal

variabilities, and long-term trends.

c. Composite procedure

The lead–lag composite analyses are achieved by aligning

the MJO events at the moment when convection maximizes

(referred to as day 0). In most cases, the MJO convection

center is located over the eastern Indian Ocean (around 908E)

at day 0. The statistical significance of composite anomalies

was assessed by a two-tailed Student’s t test at the 90% or 95%

confidence level. For composites of each individual cluster, the

null hypothesis is that the composites have equal means of the

climatology. For composites of differences between two clus-

ters, the null hypothesis it that the two clusters have equal

means. A statistically significant result indicates the rejection

of the null hypothesis.

3. Cluster analysis for MJO propagation and intensity
diversities

a. Identifications of individual MJO events

Following Kiladis et al. (2014), the MJO events are

identified with the spatial–temporal-filtered OLR anoma-

lies in this study. Given that the MJO is defined as an

eastward-propagating intraseasonal oscillation, an intra-

seasonal eastward-only filter is applied to the OLR anom-

alies averaged between 158S and 108N. Here the period of

20–80 days and the eastward-propagating component with

zonal wavenumbers 1–9 are retained. The eastward wave-

number filtering is only applied in MJO events identifica-

tion, but not the composite analyses below. The latitudinal

range is asymmetric about the equator because the MJO

paths tend to shift southward during boreal winter (Wang

and Rui 1990; Zhao et al. 2013; Kim et al. 2017). In the

Hovmöller diagrams of such spatial–temporal-filtered OLR

anomalies, a 210Wm22 contour (about one standard de-

viation of the intraseasonal OLR over the MJO active area;

Feng et al. 2015a) is selected as a candidate MJO event, as

long as it falls in boreal winter (November to April) and

overlaps the eastern Indian Ocean region (758–958E), and
has a zonal extent of more than 308 in longitude. An example

is shown in Fig. 1, in which the contours denote the candi-

date MJO events during 1990/91 and 2005/06 winters.

FIG. 1. Hovmöller diagrams of intraseasonal (20–80-day-filtered) OLR anomalies (shading) averaged over 158S–
108N during the (left) 1990/91 and (right) 2005/06 boreal winters. The 210Wm22 contours of the eastward-

propagating component with zonal wavenumbers 1–9 of the intraseasonalOLRanomalies are superimposed, which

indicate the candidate MJO events and are labeled by sequence numbers. The gray contour denotes the excluded

event due to its larger deviation between spatially filtered and nonfiltered intraseasonal OLR anomalies, whereas

the red contours denote the selected cases.

15 AUGUST 2021 WANG AND L I 6551



The criterion of the final identification of an MJO event

from the candidates is that the spatial–temporal-filtered and

temporal-only-filtered signals must be consistent with each

other. By examining the candidate MJO events, we find

that the spatial filtering occasionally produces unrealistic

eastward-propagating signals that largely deviate from the

temporal-only-filtered signals. Case 45 shown in Fig. 1 is an

example. Although the spatial–temporal filtering obtains a

successive eastward-propagating signal (contour) in this

case, the temporal-filtered intraseasonal OLR anomalies

(shading) during the same period are interrupted and rather

propagating westward. We use the ratio of the mean OLR

inside the contour obtained from the two different filtering

methods to estimate such a deviation. For a candidate MJO

event, if such a ratio is greater than one standard deviation

of all the candidates, it is excluded. A total of 153 MJO

cases are finally identified from 1979/80 to 2018/19 boreal

winters.

b. Cluster analysis

Themaximum intensity, zonal extent, andmean phase speed

are used to describe the intensity and propagation character-

istics of selected MJO cases, and further for analyzing their

diversities. For an individual MJO event identified with the

contour in the Hovmöller diagram, its maximum intensity is

defined as the average of the lowest 10% of OLR values inside

the contour, the zonal extent refers to the distance between the

western and eastern endpoints of the contour, and the mean

phase speed is estimated by the slope of the least squares fit of

the daily minimum OLR inside the contour.

A cluster analysis is performed in terms of the maximum

intensity, zonal extent, and mean phase speed of the selected

MJO cases. Two different methods, hierarchical clustering and

k-means clustering, are tested, with a variety of parameters

including the number of clusters, distance metrics, and linkage

methods. By examining the dendrograms, we found an op-

timum clustering result given by the hierarchical clustering,

whose number of clusters is 4, distance metric is Euclidean,

and linkage method is Ward’s (Ward 1963). An very similar

result with a high silhouette value can be obtained by the

k-means clustering, when the number of clusters is set to

four and the distance metric is squared Euclidean. Therefore,

such a clustering result with four cluster members is convincing

and stable.

FIG. 2. (a)–(d) Hovmöller diagrams of composite intraseasonal OLR anomalies averaged over 158S–108N during

boreal winter (November–April) for clusters 1–4, respectively. The shading shows statistically significant signals at

95% confidence level. The name of the cluster and number of events, together with the maximum intensity, zonal

extent, and mean phase speed of the composite are displayed above each panel.

FIG. 3. As in Fig. 2, but for recombined (a) Long-Fast and

(b) Short-Slow groups.
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The composite Hovmöller diagrams of intraseasonal

OLR anomalies (containing both eastward and westward

wavenumbers, and the same below) for the four clusters

obtained from the hierarchical clustering are shown in Fig. 2.

Themaximum intensity, zonal extent, andmean phase speed of

each cluster are calculatedwith this compositeHovmöller diagram.

Based on these features, clusters 1 to 4 are labeled as ‘‘Strong-

Short-Slow,’’ ‘‘Strong-Long-Fast,’’ ‘‘Weak-Short-Slow,’’ and

FIG. 4. Zonal distributions and longitude–height diagrams of composite intraseasonal

anomalies averaged over 158S–108N for the (a) Long-Fast group, (b) Short-Slow group, and

(c) Long-Fast group minus Short-Slow group. The one-dimensional plots on the top of each

panel show theOLR (gray area), column-integratedMSE tendency (red lines), and 850–700-hPa

vertically integrated water vapor content (green lines) anomalies. Filled areas and solid lines

denote statistically significant signals at the 95% confidence level. The longitude–height dia-

grams at the bottom of each panel show the MSE tendency (shading), specific humidity (con-

tours, in unit of g kg21), and vertically overturning circulation (vectors) anomalies. The shading,

dotted areas of the contours, and vectors denote statistically significant signals at the 95%

confidence level. The red diamonds denote the convection centers where the upwardmotions are

the largest. For comparison, all the variables have been scaled to a same maximum intensity.
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‘‘Weak-Long-Fast,’’ respectively. In other words, a cluster is

either strong or weak in intensity, and is either short and slow

or long and fast in propagation. Such a clustering result implies

that the intensity and propagation characteristics of the MJO

are relatively independent of each other, whereas regarding

the propagation, a longer zonal extent is often associated a

faster phase speed, which agrees with many of the previous

studies (e.g.,Wheeler andKiladis 1999; Adames andKim 2016;

Chen andWang 2019, 2020). Our calculation shows that for all

the selected events, the linear correlation between the zonal

extent and mean phase speed is 0.54 and is statistically signif-

icant at the 99% confidence level.

The clustering result shown in Fig. 2 clearly reveals the

propagation and intensity diversities of the MJO. More im-

portantly, it is found that the propagation and intensity char-

acteristics are relatively independent. The four clusters can be

regarded as a free combination of strong/weak and long-

fast/short-slow types of MJOs. In this case, we decided to

recombine the four original clusters to study the MJO

propagation and intensity diversities separately. That is, a

new ‘‘Long-Fast’’ group is formed by combining the Strong-

Long-Fast and Weak-Long-Fast clusters, and a new ‘‘Short-

Slow’’ group is formed by combining the remaining two

clusters, in order to study the MJO propagation diversity.

Similarly, a new ‘‘Strong’’ group and a new ‘‘Weak’’ group

are formed to study the MJO intensity diversity. The factors

controlling the propagation and intensity diversities are

discussed in the following sections, respectively.

4. Factors controlling the MJO propagation diversity

Figure 3 shows the composite Hovmöller diagrams of in-

traseasonal OLR anomalies for the recombined Long-Fast and

Short-Slow groups. The two groups are significantly different

from each other in terms of zonal extent and speed (1008 vs 438,
and 3.9 vs 2.3m s21), whereas the maximum intensities are

almost the same (223.2 vs221.3Wm22). In general, the Long-

Fast MJOs passed through the Maritime Continent barrier

(Inness and Slingo 2003; Zhang and Ling 2017) and dissipated

over the central Pacific, whereas the Short-SlowMJOs failed to

pass through the MC barrier and were confined over the

Indian Ocean.

To examine the causes of the MJO propagation diversity,

the key variables relevant to the two types of the moisture

mode theory are diagnosed and compared for the Long-Fast

FIG. 5. Diagnosed results of column-integrated MSE tendency

budget averaged over 158S–108N, 1208–1708E for the differences of

composite intraseasonal anomalies between the Long-Fast and

Short-Slow groups when theMJOdeep convections are centered at

908E. Bars from left to right denote the MSE tendency difference

(black) and the three terms that significantly contributed to the

difference (red, green, and blue), the sum of the three statistically

significant terms (yellow), and sum of all the budget terms (gray).

For comparison, all the terms in each group have been scaled to a

same maximum intensity.

FIG. 6. Horizontal distributions of composite background anomalies of (a) SST (shading) and 1000–850-hPa

vertically integrated water vapor content (contours; unit: kgm22) and (b) OLR (shading) and 700-hPa wind

(vectors) for the Long-Fast group. (c),(d) As in (a) and (b), but for the Short-Slow group. The shading, dotted areas

of the contours, and vectors denote statistically significant signals at the 90% confidence level. The background

anomalies are 120-day low-pass filtered, and the composites are conducted for the entire life cycles of all the MJO

events in each group.
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and Short-Slow groups. Even though the maximum intensity

difference is tiny between the two groups, for a better com-

parison all the variables in each group are scaled to a same

maximum intensity (about225Wm22, which is the average of

all four clusters).

Figure 4 shows that for both groups, when the MJO con-

vection is mature over the eastern Indian Ocean (centered at

908E), the vertically overturning circulation anomalies are

formed to the west and east of the convection center, with low-

level westerly (easterly) anomalies to the west (east), which

corresponds with the Gill pattern (Gill 1980). The structure of

the convection anomaly tilts westward with height, as indicated

by the moisture and circulation anomalies. The east–west

asymmetry of the MSE tendency anomalies and leading of

boundary layer moisture anomalies relative to the MJO con-

vection center are clearly identified, as argued in the moisture

mode theory.

Several contrasts between the Long-Fast and Short-Slow

groups are revealed in Fig. 4. A striking contrast is the much

greater east–west asymmetry of the MSE tendency anomalies

in the Long-Fast group relative to that in the Short-Slow group.

It is found more clearly in the difference (Fig. 4c) that such a

zonal asymmetry contrast is primarily determined by the MSE

tendency anomalies to the east of the MJO convection centers.

In addition, a weak but statistically significant signal of larger

boundary layer moisture anomaly leading in the Long-Fast

group is detected at around 1408E. It is also noted that the

anomalous vertically overturning circulation to the east of the

MJO convection center is much stronger in the Long-Fast

group, associated with more intense subsidence and low-level

easterly anomalies to the east.

According to the moisture mode theory, both the greater

MSE tendency leading and greater boundary layer moisture

leading provide more favorable conditions for the eastward

propagation of MJOs. For the Long-Fast case here, the first

type of the moisture mode theory that emphasizes the

asymmetry of the column-integrated MSE tendency anom-

aly plays a dominant role. Meanwhile, the role of the second

type that emphasizes the boundary layer moisture anomaly

leading cannot be completely denied.

To unveil what specific processes lead to the contrasts of the

MSE tendency leading between the Long-Fast and Short-Slow

MJOs, anMSE budget diagnosis is conducted. All the variables

are decomposed into the low-frequency, intraseasonal, and

high-frequency components according to Eq. (3) before diag-

nosing. The results of the differences between the two groups

FIG. 7. Schematic diagram illustrating the enhancement of intraseasonal vertically overturning circulation

anomaly through positive circulation–convection feedback in the existence of convective background. Closed

cycles indicate vertically overturning circulations. Solid vertical arrows indicate latent heating. Unfilled horizontal

arrows indicate boundary layer flows in response to the latent heating. Colored (black) elements refer to intra-

seasonal anomalies (background states). (a) In stage 1, an MJO convection over the Indian Ocean (red rainy icon

and red solid arrow) excites a vertically overturning circulation anomaly (red cycle) whose subsidence branch is

over the equatorial Pacific where the background is convective (black rainy icon). In stage 2, the latter reduces the

total precipitation there and thus causes a negative diabatic heating anomaly (Q0
2 , 0, blue solid arrow), forcing

additional vertically overturning circulation (blue cycle) and divergent boundary layer flow (blue unfilled arrows).

The initial red cycle is enhanced and a positive circulation–convection feedback is formed. (b)Under a convectively

suppressed background (cloudy icon), an intraseasonal subsidence anomaly leads to a near-zero diabatic heating

(Q0
2 ’ 0), and the circulation–convection feedback does not work.
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for the leading of column-integrated MSE tendency anomaly

are shown in Fig. 5. Only those terms that significantly con-

tribute to the difference are exhibited. They are simply the

anomalous advections of background MSE by the intra-

seasonal flows, and the components of the three dimensions

contribute almost equally. The sum of these statistically sig-

nificant terms shows a good approximation.

The MSE budget diagnosis indicates that the contrast of the

MSE tendency leading is related to the different intraseasonal

circulation responses and background states. As mentioned

before, the Long-Fast group has a much stronger vertically

overturning circulation anomaly to the east of the convection

center. Since all the variables are scaled to a same maximum

intensity in the comparison, a new question is raised: What

kind of background states causes the distinct circulation

anomaly responses to the convection anomalies of the same

intensity? And furthermore, how do the circulation anomalies

and background states contribute to the distinctMSE tendency

leading and boundary layer moisture leading?

To answer the above questions, the composite back-

ground anomalies of the Long-Fast and Short-Slow groups

are examined. The background anomaly here refers to the

120-day low-pass-filtered anomaly, which is different from

the low-frequency component in the MSE budget diagnosis.

The climatological annual cycle is removed in the former

but retained in the latter. Thus, the background anomaly

represents the slow-varying processes dominated by the

interannual timescale.

Figure 6 shows that the Long-Fast MJOs correspond to a sig-

nificant El Niño–like background SSTA pattern, accompanied

FIG. 8. As in Figs. 4a and 4b, but the shading and contours are replaced by the composite

anomalies of vertical advection of background MSE by intraseasonal vertical motion and

vertical pressure velocity (unit: Pa s21), respectively. The black lines in the one-dimensional

plots represent the composite anomalies of column-integrated vertical advection of back-

ground MSE by intraseasonal vertical motion.

FIG. 9. Horizontal distributions of composite background

MSE anomalies (shading) and intraseasonal circulation anomalies

(vectors) at 700 hPa for the differences between the Long-Fast and

Short-Slow groups. The shading and vectors displayed are statisti-

cally significant signals at the 90% confidence level.
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with increased low-level moisture and enhanced precipitation over

the central Pacific. The Short-Slow group has almost opposite

background states. Similar background SSTA patterns are also

found in previous studies for faster MJOs (e.g., Wang et al. 2019;

Wei and Ren 2019; Chen and Wang 2020). On one hand, the

warmer background SSTA and more abundant moisture promote

theMJOs tomove farther into the eastern Pacific, so that the zonal

extent would be larger in the Long-Fast group. On the other hand,

the convectivebackgroundover the central Pacific favors a stronger

vertically overturning circulation response to the east of the MJO

convection center, in which the negative diabatic heating anomaly

and its positive feedback with the circulation are key processes.

The enhancement of the MJO vertically overturning circu-

lation anomaly in the existence of convective background to

the east is illustrated in Fig. 7a. An initial subsidence anomaly

to the east of the MJO convection causes a negative diabatic

heating anomaly where the background convection is active.

The resultant Gill response (Gill 1980) enhances the vertically

overturning circulation anomaly to the east of the MJO con-

vection. In addition, the exhibited upward moisture transport

due to increased boundary layer divergence amplifies the ini-

tial subsidence anomaly and negative diabatic heating anom-

aly, such that a positive circulation-convection feedback is

established. In contrast (Fig. 7b), when the background is

convectively suppressed, an additional subsidence anomaly

leads to a much smaller or even near-zero negative diabatic

heating anomaly, simply because the total precipitation/cloud

cover cannot be reduced to a negative value. It is also worth

pointing out that a warmer background SSTA favors a stronger

Kelvin wave response through boundary layer convergence

feedback (Chen andWang 2019), which also contributes to the

enhancement of vertically overturning circulation.

The enhanced vertically overturning circulation in the Long-

Fast group indicates a more intense subsidence anomaly to the

east of the MJO convection center (Fig. 4, vectors; Fig. 8,

contours and vectors). As pointed out in Wang et al. (2017),

since the climatological MSE is minimized in the lower middle

level, a stronger subsidence anomaly results in a larger positive

advection of background MSE in the free atmosphere (Fig. 8,

shading and black lines in the one-dimensional plots).

The enhanced vertically overturning circulation in the Long-

Fast group also indicates a stronger Kelvin wave response and

low-level easterly anomaly to the east of the MJO convection

center (Figs. 4 and 9, vectors). Given that the background

moisture in the Long-Fast group is increased over the central

Pacific where the SSTA is warmer (Fig. 6a), the associated

zonal advection of MSE would be greater since the strength-

ened easterly anomaly transports higher background MSE

(Fig. 9, shading) to the east of the MJO convection center.

A larger low-level easterly anomaly also indicates an enhanced

boundary layer convergence, and the moisture leading is thus

increased (Hsu and Li 2012).

FIG. 10. As in Fig. 2, but for recombined (a) Strong and (b) Weak

groups.

FIG. 11. As in Fig. 4, but for the differences between the Strong and Weak groups.

15 AUGUST 2021 WANG AND L I 6557



The subsidence branch of the vertically overturning circu-

lation anomaly causes a negative diabatic heating where the

background is convectively enhanced in the Long-Fast group,

and the resultant low-level Rossby wave response generates

anomalous poleward flows to the east of the MJO convection

center (Fig. 9, vectors around 1208E). Climatologically, the

moisture is maximized near the equator. Such anomalous

poleward flows contribute positively to the MSE tendency

leading through meridional advection of background MSE, as

discussed in Kim et al. (2014) and Wang et al. (2017). In the

Long-Fast group, the background convective heating over the

equatorial Pacific generates equatorward flows to the west

as a Rossby wave response (Fig. 6b), such that the back-

ground moisture is more concentrated along the equator

and the background MSE has a greater meridional gradient

(Fig. 9, shading). In this case, the above-mentioned merid-

ional advection effect would be much stronger in the Long-

Fast group, as both the meridional gradient and poleward

flows are increased.

5. Factors controlling the MJO intensity diversity

Figure 10 shows the composite Hovmöller diagrams of in-

traseasonal OLR anomalies for the recombined Strong and

Weak groups. The two groups are significantly different from

each other in terms of intensity that is maximized over the

eastern Indian Ocean. The difference of propagation features

between the Strong and Weak groups is much smaller in con-

trast to that between the Long-Fast and Short-Slow groups

(Fig. 3). Particularly, although an apparent difference of the

zonal extent exists between the Strong and Weak groups, it is

worth noticing that the statistically significant OLR signal of

the composite Weak group passed through the Maritime

Continent barrier, whereas the Short-Slow group failed. This

implies that theWeakMJOs are intrinsically different from the

Short-Slow ones (Kim et al. 2014; Feng et al. 2015a).

As we did in studying the MJO propagation diversity, the

intraseasonal MSE tendency and boundary layer moisture

anomalies are diagnosed and compared for the Strong and

Weak groups when the MJO convections are mature over the

eastern Indian Ocean. For comparison, all the variables are

scaled to a same maximum intensity as before. Figure 11 re-

veals that as long as the variables are normalized in terms of the

maximum intensity, there is almost no statistically significant

difference between the Strong andWeak groups in terms of the

MSE tendency, boundary layer moisture, and vertically over-

turning circulation anomalies. This suggests that the dynamic

structures of the Strong and Weak MJOs are essentially the

same, only their intensities are distinct.

The composite background anomalies (120-day low-pass

filtered with climatological annual cycle removed) show dis-

tinct features between the Strong and Weak groups over the

Indian Ocean andMaritime Continent. Figure 12 shows that

the Weak MJOs correspond to warm background SSTA

over the Maritime Continent and its surroundings, accom-

panied with more abundant low-level moisture and enhanced

convective activities. The positive moisture and convection

anomalies are shifting southward relative to the equator, which

could result from the feedback with the Australian summer

monsoon.A statistically significant low-level cyclonic circulation

FIG. 12. Composite background anomalies for (a)–(c) Strong and (d)–(f) Weak groups. (a),(d) Zonal distribu-

tions of OLR (gray area) and SST (blue bars) averaged over 158S–108N. Filled areas and bars denote statistically

significant signals at 90% confidence level. (b),(e) Horizontal distributions of SST (shading) and 1000–500-hPa

vertically integrated water vapor content (contours; unit: kgm22). (c),(f) Horizontal distributions of OLR (shad-

ing) and 700-hPa wind (vectors). The shading, dotted areas of the contours, and vectors denote statistically sig-

nificant signals at the 90% confidence level.
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anomaly appears over the Indian Ocean to the west of the

enhanced convection, as a result of the Rossby wave response.

The associated equatorward flow transports drier air to the

tropical Indian Ocean and contributes to a statistically signif-

icant dry anomaly there. The background states of the Strong

group are opposite in general.

The distinct background convective activities over the

Maritime Continent also leads to different background vertical

structures over the Indian Ocean between the Strong and

Weak groups. Figure 13 shows the composite background

anomalies of Weak minus Strong. A statistically significant

Walker cell is detected, whose ascending is over the Maritime

Continent where the background convection is enhanced and

descending over the Indian Ocean. Such a subsidence anomaly

also contributes to the background dry anomaly in the lower

troposphere over the tropical Indian Ocean, in addition to the

equatorward flow mentioned before. The resultant negative ver-

tical gradient of the MSE anomaly indicates a convectively stable

state over the Indian Ocean, which weakens the MJO intensity.

It is worth pointing out that an initial intensity difference due

to the background could be amplified in the MJO eastward

propagation. By tracking the MJO convection centers in

Fig. 10, it can be found that a weak intensity difference appears

between the Strong and Weak groups at the initial stage when

the MJO convections are located over the western Indian

Ocean. The different background is responsible for such an

initial difference, as the dry anomaly and more stable stratifi-

cation in the Weak group extend to the western Indian Ocean

(Fig. 13). The intensity difference amplifies as the MJOs

propagating eastward, and is maximized around day 0when the

MJO convections are located over the eastern Indian Ocean

(around 908E).
What causes the amplification of the initial intensity differ-

ence? We propose a self-feedback mechanism in terms of

moisture mode theory, in which dhMi0/dt is focused rather than

›hMi0/›t, so as to depict theMJO intensity change per unit time

following its propagation. In this case, the MJO intensity

growth speed is determined by the diabatic processes except

for condensation:

dhMi0
dt

5 hQ
r
i0 1Q0

t , (4)

where Qr and Qt represent the three-dimensional radiative

heating, and sum of the surface upward sensible and latent heat

fluxes, respectively.

The diagnosed results for the moments when dhMi0/dt are
maximized (days 27 to 24 and MJO convections are located

around 758E) are shown in Fig. 14. Here Qr is derived from

Q12Q22Qt (Yanai et al. 1973). It is found that both hQri0 and
Q0

t are contributing to the dhMi0/dt difference between the

Strong and Weak groups. For the hQri0, a stronger MJO corre-

sponds to more intense convections and therefore more cumulus

congestus clouds. In addition, the Strong MJOs have a more sig-

nificant upper-level tilted structure in the rear of the deep con-

vection as depicted by the vertical velocity anomalies (Fig. 14,

contours). Such a tilted structure suggests more stratiform clouds

in the upper level (Lin et al. 2004).Both congestus and upper-level

stratiform clouds inhibit the outgoing longwave radiation, such

that larger positive radiative heating anomalies appear over the

convective areas in the Strong group (Fig. 14, shading and red

lines). On the other hand, the Strong MJOs correspond to higher

near-surface wind speed, which is the dominant component that

contribute to theQ0
t term (Fig. 14, green bars and lines). As both

radiative heating and surface heat flux processes are regulated by

the MJO intensity, a positive self-feedback thus forms to amplify

the initial intensity difference during the propagation.

The above processes are essentially a combined cloud-

radiative and WISHE (wind-induced surface heat exchange)

feedback. Early studies applied the cloud-radiative feedback to

explain the formation of standing intraseasonal oscillations

(Hu and Randall 1994, 1995). TheWISHEwas also known as a

potential eastward-propagating mechanism of the MJO under

the assumption that the mean surface zonal wind is on average

easterly in the tropics (Emanuel 1987; Fuchs andRaymond 2017;

Fuchs-Stone 2020). Here both the cloud-radiative and WISHE

feedbacks are in fact not contributing to the eastward propaga-

tion as there are no positive anomalies to the east of the MJO

convection [see a comment byWang (1988)]. Instead, they work

as a positive feedback of the MJO intensity. Such a positive

feedback holds regardless of whether the system is propagating

or standing, since they contribute to the total derivative dhMi0/dt.

6. Summary

Inspired byWang et al. (2019), who unveiled the diversity of

MJO propagation patterns, the current work conducted amore

FIG. 13. Composite background anomalies forWeak groupminus

Strong group. (a) Zonal distributions of 1000–500-hPa vertically in-

tegrated water vapor content (green bars) and MSE difference be-

tween 850 and 400 hPa (red line) averaged over 158S–108N. Filled

areas and solid lines denote statistically significant signals at the 90%

confidence level. (b) Longitude–height diagram of specific humidity

(shading) and vertically overturning circulation (vectors). The

shading and vectors displayed are statistically significant signals at

the 90% confidence level.

15 AUGUST 2021 WANG AND L I 6559



comprehensive study on the MJO diversities in terms of both

propagation and intensity with observations and reanalysis

data. Rather than the Hovmöller diagrams of temporal-filtered

OLR anomalies applied in Wang et al. (2019), we performed

the cluster analysis for maximum intensity, zonal extent, and

mean phase speed of the MJO events that are identified by

spatial–temporal-filtered signals. The clustering result reveals

four types of MJOs: Strong-Short-Slow, Strong-Long-Fast,

Weak-Short-Slow, and Weak-Long-Fast. It is found that the

MJO intensity and propagation features are relatively inde-

pendent of each other, whereas in regard to the propagation a

longer zonal extent is often associated with a faster phase

speed. The original clusters are thus recombined to explore the

factors controlling the MJO propagation and intensity diver-

sities separately.

The propagation diversity is associated with distinct MJO

structures, and is connected to the background SSTA and ac-

companied convective activity changes over the equatorial

Pacific. In contrast to the Short-Slow MJOs, the Long-Fast

group has a more intense vertically overturning circulation

response to the east of the convection center, which favors both

greater MSE tendency leading and greater boundary layer

moisture leading that promote a faster eastward phase speed.

As a potential mechanism, we argue that an El Niño–like
background SSTA pattern and the accompanying convection

enhancement over the central Pacific allow a negative diabatic

heating anomaly in the existence of an initial subsidence per-

turbation, amplifying the vertically overturning circulation

anomaly to the east of the MJO through positive circulation-

convection feedback. The warmer SSTA also provides favor-

able conditions for the MJOs intruding into the western and

central Pacific, favoring a larger zonal extent. Unlike previous

studies that emphasized the Kelvin wave response (e.g., Wang

et al. 2019;Wei and Ren 2019; Chen andWang 2020), we argue

that the strengthened Kelvin wave response and low-level

easterly anomaly in the Long-Fast group are components of

FIG. 14. Zonal distributions and longitude–height diagrams of composite intraseasonal

anomalies averaged over 158S–108N for the (a) Strong and (b) Weak groups when the MJO

convections are centered around 758E (red diamonds). The one-dimensional plots on the top

of each panel show the anomalies of total time change rate of column-integrated MSE (gray

area), column-integrated radiative heating (red lines), sum of surface upward sensible and

latent heat fluxes (green bars), and its near-surface wind speed related component (green

lines). Filled areas and bars and solid lines denote statistically significant signals at the 95%

confidence level. The longitude–height diagrams at the bottom of each panel show the ra-

diative heating (shading), vertical pressure velocity (contours, unit: Pa s21), and vertically

overturning circulation (vectors) anomalies. The shading, dotted areas of the contours, and

vectors denote statistically significant signals at the 95% confidence level.
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the enhanced vertically overturning circulation. In addition to

the horizontal and low-level processes, the vertical advection

also contributes significantly to the MSE tendency leading,

while the location of which shifts eastward relative to the

horizontal advections.

The MJO intensity diversity is associated with the interan-

nual SSTA over the Maritime Continent and the background

moisture condition over the tropical Indian Ocean where the

MJO initiates and develops. An observed interannual warm

SSTA over the Maritime Continent leads to an enhanced

convection in situ and a strengthened Walker cell with a sub-

sidence over the Indian Ocean. The latter together with the

equatorward flow of the Rossby wave response to the en-

hanced convection are possible causes of the drier background

that weakens the MJO intensity. In contrast, a stronger MJO

occurs when such a dry condition does not appear. An initial

intensity difference amplifies as the MJO propagating east-

ward through a self-feedback mechanism that combines cloud-

radiative andWISHE feedbacks. A strongerMJO corresponds

with more cloud covers (atmospheric water vapor) and

higher near-surface wind speed, which contribute to a larger

total time change rate of column-integrated MSE through

modifying radiative heating and surface upward heat fluxes,

respectively. In this case, a stronger MJO would have a

larger intensity growth speed than a weaker one, causing a

greater intensity contrast when the MJO is mature over the

eastern Indian Ocean.

It is worth pointing out that uncertainties exist in the MJO

diversity research. The primary uncertainty comes from the

cluster analysis, which is sensitive to the variables for clus-

tering, and to the parameters such as the distance metrics,

linkage methods, and number of clusters. In the current

work, instead of directly applying the Hovmöller diagrams,

we use only three variables to delineate an MJO event such

that the information contained in a Hovmöller diagram is

extracted and concentrated. In addition, we checked several

hundred of clustering results with different combinations of

parameters, so as to find out an optimum one with the help

of objective criteria (dendrogram or silhouette). Regarding

the causes of the MJO diversities, as in many previous

studies, we generally focused on the MJO developing and

mature phases over the eastern Indian Ocean. However, the

MJO structure and background circulations might change in

its entire life cycle, such that the causes of the MJO diversi-

ties could be regional dependent. Besides, all the conclu-

sions of the current work are based on the latest reanalyses or

observations. Numerical experiments are required to confirm

these findings, and to answer more in-depth questions. For

instance, how the background states are manifested in the

self-feedback mechanism. The above issues will be addressed

in our future work.
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