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ABSTRACT: The effect of vertically tilted structure (VTS) of the MJO on its phase propagation speed was investigated

through the diagnosis of ERA-Interim reanalysis data during 1979–2012. A total of 84 eastward propagating MJO events

were selected. It was found that all MJO events averaged throughout their life cycles exhibited a clear VTS, and the tilting

strength was significantly positively correlated to the phase speed. The physical mechanism through which the VTS influ-

enced the phase speed was investigated. On the one hand, a stronger VTS led to a stronger vertical overturning circulation

and a stronger descent in the front, which caused a greater positive moist static energy (MSE) tendency in situ through

enhanced vertical MSE advection. The stronger MSE tendency gradient led to a faster eastward phase speed. On the other

hand, the enhanced overturning circulation in front of MJO convection led to a stronger easterly/low pressure anomaly at

the top of the boundary layer, which induced a stronger boundary layer convergence and stronger ascent in the lower

troposphere. This strengthened the boundary layer moisture asymmetry and favored a faster eastward propagation speed.

KEYWORDS: Madden-Julian oscillation; Moisture/moisture budget

1. Introduction

The Madden–Julian oscillation (MJO; Madden and Julian

1971, 1972) is a dominant mode on the intraseasonal time scale

in the tropics. Although the MJO main convection is confined

in the tropics, it may exert a remote impact in the high latitudes

(e.g., Zhang 2005; Li and Hsu 2017; Zhu and Li 2017; Ren et al.

2018; Li et al. 2020). The most fundamental characteristic of

the MJO is its slow eastward propagation at approximately

5m s21 along the equator with a planetary zonal scale (e.g.,

Knutson et al. 1986; Lau and Chan 1986; Hendon and Salby

1994; Wheeler and Kiladis 1999; Kiladis et al. 2009; Li and

Zhou 2009; Lau and Lau 2010; Li 2014).

Various theories (e.g., Emanuel 1987; Wang and Rui 1990)

have been developed to understand the MJO eastward propa-

gation. The most recent widely accepted one is the moisture

mode theory, which emphasizes the important role of MJO-

scale moisture perturbation in the propagation dynamics (e.g.,

Maloney 2009; Hsu and Li 2012; Sobel and Maloney 2012, 2013;

Adames and Kim 2016; Kim and Maloney 2017; Maloney et al.

2019). The moisture mode theory may be further separated into

two types, based on their physical origins (Hu et al. 2020; Li et al.

2020; Wang and Li 2020b). The first type emphasizes the zonal

asymmetry of the perturbation moisture itself (Hsu and Li

2012). The perturbation moisture in the planetary boundary

layer (PBL) leads the MJO convection. Such a phase leading

was caused by the advection of themeanmoisture by anomalous

ascent associated with the PBL convergence according to a

moisture budget analysis. The PBL convergence in front ofMJO

convection, on the other hand, was a result of an MJO heating-

inducedKelvin wave response and a warmSST anomaly in front

of the convection (Hsu and Li 2012). The PBL moistening

gradually set up local convective instability and triggered shal-

low and congestus convection (Benedict and Randall 2007;

Johnson and Ciesielski 2013), promoting the eastward propa-

gation of the MJO. The PBL moistening and congestus clouds

developing processes were well documented by various obser-

vational studies (e.g., Johnson et al. 1999; Kikuchi andTakayabu

2004; Del Genio et al. 2012), including those during the

DYNAMO observational campaign (Johnson and Ciesielski

2013). There was clearly stepwise progression from shallow cu-

mulus to congestus and to deep convection. This PBL moisture

asymmetry mechanism was well incorporated into a simple

theoretical model (Liu and Wang 2017; Wang and Chen 2017)

with a simplified Betts–Miller cumulus scheme in which diabatic

heating was proportional to lower-tropospheric and PBL mois-

ture anomalies, and the model was able to simulate a slowly

eastward propagating MJO-like perturbation.

The second type of the moisture mode theory emphasizes the

zonal asymmetry of the column-integrated moisture or moist

static energy (MSE) tendency, regardless of whether or not the

PBL perturbation moisture itself is asymmetric. Sobel and

Maloney (2012, 2013) established a simple theoretical model

using a column-integrated specific humidity tendency equation.

The phase speed of the most unstable mode derived from this

model, however, was too slow compared to the observed. A

MSE budget analysis by Andersen and Kuang (2012) suggested

that vertical and horizontal advection is critical for promoting a

zonally asymmetric MSE tendency. Adames and Kim (2016)

improved themodel of Sobel andMaloney (2013) by including a

meridional advectionmechanism proposed by Kim et al. (2014).Corresponding author: Tim Li, timli@hawaii.edu
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Recently, Li and Hu (2019) further extended this theoretical

framework by including an additional mechanism, anomalous

vertical MSE advection by second-baroclinic-mode vertical

motion proposed by Wang et al. (2017).

Themoisture mode theoretical framework has been applied to

observational and model diagnosis. It is worth mentioning that

current state-of-art general circulation models (GCMs) have

difficulty in capturing the eastward propagation of the MJO. For

example, by analyzing 27 global GCMs that participated in the

Working Group on Numerical Experimentation (WGNE) MJO

Task Force–GEWEX Atmospheric System Studies (MJOTF/

GASS) model intercomparison project, Jiang et al. (2015) pro-

posed that only about a quarter of the models were able to

simulate the realistic eastward propagation. Based on the

profile of vertical velocity and diabatic heating, they found

the existence of vertically tilted structure (VTS). Through

deeper diagnosis of the MSE budget within the moisture

mode framework, Wang et al. (2017) further found that the

fundamental difference between the good model group and

the poor model group lay in the presence of the VTS. While a

low-level ascent appeared in front of MJO convection, an

upper-level ascent appeared to the rear of the MJO convec-

tion. Such a tilting structure was found in both the observa-

tion and the good model group, but not in the poor model

group. The upper-level ascent in the rear was closely associ-

ated with a positive diabatic heating in situ, implying the

occurrence of upper-tropospheric stratiform clouds in the

rear. The importance of the VTS and/or upper-tropospheric

stratiform clouds was stressed in various previous observa-

tional and modeling studies (e.g., Mapes 2000; Khouider and

Majda 2008; Fu and Wang 2009; Zhang and Song 2009).

Wang et al. (2019) classified MJO events into four groups

(standing, jumping, slow propagation, and fast propagation)

by cluster analysis. They found that each type of MJO exhibited

distinctively vertical structure. The faster propagation MJO

groupwas occupied by stronger and longer low-level Kelvin wave

response. Chen and Wang (2020) then analyzed the mechanism

deeply. By amplifying low-level premoistening, a stronger Kelvin

wave response enhanced the zonal asymmetry in vertical thermal

structures, as manifested by the enhanced leading shallow and

congestus convection. This view is consistent with the first mois-

ture mode theory, but without the direct description and con-

sideration of the second moisture mode theory. Also, their

emphasis was the vertical structure to the east of MJO, while the

vertical tilted structure in the rear was not considered.

Motivated by the aforementioned studies, we would like to

examine to what extent the VTS in the rear happens in the

observed eastward propagating MJO events and what is the

statistical relationship between the VTS and phase speed for a

large number of MJO events. If a statistically significant rela-

tionship is found, what is the physical mechanism behind the

observed relationship? The remaining part of this paper is

organized as follows. In section 2, data and methods are in-

troduced. In section 3, the observational features of the VTS

for individual MJO events are presented and their statistically

significant relationship with the phase speed is revealed. The

physical mechanism behind the observed relationship is further

investigated under the moisture mode theoretical framework

in section 4. Finally, conclusions and discussion are given in the

last section.

2. Data and method

a. Data

The primary datasets used in this study are daily observed

outgoing longwave radiation (OLR) from the National Oceanic and

Atmospheric Administration (NOAA) polar-orbiting satellites

(Liebmann and Smith 1996) with a horizontal resolution of 2.58 3
2.58, and daily reanalysis data from ECMWF interim reanalysis

(ERA-Interim, herein ERA-I; Dee et al. 2011) including air tem-

perature, specific humidity, geopotential height, horizontal wind,

vertical pressure velocity, and surface heat fluxes with a horizontal

resolution of 1.58 3 1.58. The analysis period covers the boreal winter
season from 1 November to 30 April for a 33-yr period (1979–2012).

b. Selection of MJO events

A multivariate empirical orthogonal function (MV-EOF) is

used for eastward propagatingMJO events selection, similar to

Wheeler and Hendon (2004). Before calculating the leading

MV-EOF patterns, a 20–100-day Lanczos bandpass filtering is

applied to the OLR and upper and lower tropospheric zonal

wind fields. The leading two MV-EOF modes show strong

convective centers over the tropical eastern Indian Ocean and

the western Pacific respectively, and the combination of the

two modes represent the eastward propagation of the MJO

convection. Reconstructing the OLR anomaly field by re-

gressing original OLR field onto the normalized aforemen-

tioned first and second MV-EOF time series, one may obtain

the eastward propagating OLR signal.

Followed Zhang and Ling (2017), criteria are defined for the

selection of the MJO events to remove weak events with short

duration: 1) the reconstructed OLR anomaly is less than or equal

to 215Wm22, 2) the OLR contour with the aforementioned

strength must move continually across 508 in longitude and over

the Indian Ocean and the Maritime Continent (MC), and 3) all

MJO daily samples are confined between 608E and 1808. The
reasons why we have not considered short-duration MJO events

here is that Feng et al. (2015) proposed different propagating

mechanisms for propagating and nonpropagating MJO events

over the MC. Besides, MJO events are usually slowed down by

MC and the phase speed is different between the Indian Ocean

and Pacific Ocean, which would make the result complicated

when we compare faster and slower propagating MJO events.

With the criteria above, a total of 84 MJO events are se-

lected during the 33-yr period. On average, about 2.5 MJO

events happen within a year. Figure 1a shows the time–

longitude section of the OLR anomaly during the 2003/04

winter as an example. As one can see, the selected MJO events

are strong and move steadily eastward. To describe associated

MJO-scale circulation patterns, all reanalysis fields are re-

constructed based on the two leading MV-EOF time series.

Note that all fields are normalized, which represents that the

comparison is done based on the same MJO strength. Taking

the moisture field as an example, the specific method of nor-

malization is dividing the moisture by MJO intensity for every
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MJO events. The average phase speed of each MJO event is

calculated based on the slope of a least squares fit line of the

MJO convective centers.

c. Definition of a VTS index

The intensity of the VTS is defined as the difference of

longitudinal extent of box-averaged ascent anomaly between

the upper troposphere and the lower troposphere in the rear of

the MJO convection, as illustrated in the composite pattern of

vertical p-velocity anomaly field (Fig. 1b). There is a clear

westward vertical tilting with height in the vertical velocity

field. Upward motion anomalies appear in the upper tropo-

sphere in the rear, whereas they appear in the lower tropo-

sphere in the front. The diabatic heating anomaly exhibits a

similar pattern (figure not shown; see Wang et al. 2017).

The yellow box in Fig. 1b denotes the longitudinal extent of

the ascent anomaly in the upper troposphere (400–200 hPa),

measuring how far it is from theMJO convective center. The green

box denotes the longitudinal extent of the ascent anomaly in the

lower troposphere (1000–600hPa). Here the MJO convective

center is the longitude where the strongest negative OLR anomaly

(averaged over 158S–158N) is located. The tilting intensity index is
defined as the difference of longitudinal extent of ascent anomaly

between the lower (green box in Fig. 1b) and upper troposphere

(yellowbox inFig. 1b). For anMJOevent it is calculatedas theVTS

intensity averagedduring the entireMJOlife cycle.Apositive value

of the index represents that the MJO-scale ascending motion is

tilted westward with height. A larger tilting intensity index

indicates a stronger tilted vertical structure. A similar definition

of the diabatic heating anomaly is applied to verify the robust-

ness of the index based on vertical velocity. The correlation

coefficient between the tilting intensity index based on vertical

velocity and diabatic heating is 0.72, exceeding the 99% confi-

dence level with the Student’s t test. Therefore, in the following

analysis, the VTS index based on vertical velocity is used.

d. Moisture budget diagnosis

To understand the effect of the VTS on MJO phase speed

from the perspective of the first type of moisture mode

theory, a moisture budget diagnosis is applied. Following

Yanai et al. (1973), the moisture tendency equation on the

intraseasonal time scale can be written as

›
t
q0 52(u›

x
q)

0 2 (y›
y
q)

0 2 (v›
p
q)

0 2Q0
2/L , (1)

where a prime denotes reconstructed variables, q represents

the specific humidity, and u, y, and v are zonal, meridional, and

vertical velocity, respectively. The term Q2 is the apparent

moisture sink, and L (2.5 3 106 J kg21) is the latent heat of

condensation. The first, second, and third terms on the right-

hand side (rhs) of Eq. (1) are zonal, meridional, and vertical

moisture advection, respectively. The fourth term denotes the

moisture changing rate due to condensational heating.

The average PBL operator from 1000 to 700 hPa is applied

to the budget equation to diagnose the relative contribution of

FIG. 1. (a) Hovmöller diagram of reconstructed OLR anomalies (Wm22) averaged between 158S and 158N during

the 2003/04 winter. The blue contour denotes the 215Wm22 contour. The black line is based on a least squares fit,

which is used to estimate the average phase speed. The longitudinal range under consideration is outlined in black

lines. (b) Vertical–zonal cross section of anomalous vertical velocity field (Pa s21), averaged between 158 south and

north to the MJO convective center, composed based on the total 84 MJO cases. The x axis represents the relative

longitude to theMJOconvective center. Yellow and green boxes represent the zonal extent of anomalous ascent in the

upper and lower troposphere, respectively. Dotted areas exceed a 95% confidence level with the Student’s t test.
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each term on the rhs of Eq. (1) to the PBLmoistening. Through

this diagnosis, one may reveal specific physical processes

through which the VTS affects the phase speed. It is worth

noting a parallel calculation was done for different PBL depth

(i.e., 1000–850 hPa). The comparison of the two results shows

no significant difference, indicating that the results are not

sensitive to the PBL depth (figures not shown).

e. Moist static energy budget diagnosis

To reveal the effect of the VTS on MJO phase speed from

the second type of the moisture mode theory perspective, we

conduct theMSE budget diagnosis. TheMSE is defined asm5
CpT 1 gz 1 Lq, where T is temperature, z is height, Cp is the

specific heat at constant pressure (1004 JK21 kg21), and g is

gravity acceleration (9.8m s22). The column-integrated MSE

budget equation on the intraseasonal time scale can be written

as follows (Neelin and Held 1987; Wang et al. 2017):

h›
t
mi0 52hu›

x
mi0 2 hy›

y
mi0 2 hv›

p
mi0 1Q0

R 1Q0
t , (2)

where angle brackets denote a mass-weighted vertical integral

from1000 to 100 hPa. The first, second, and third terms in the rhs

of Eq. (2) represent, respectively, zonal, meridional, and vertical

MSE advection. The fourth term (QR) represents the sum of

vertically integrated shortwave and longwave radiative heating

rate, and the fifth term (Qt) denotes the surface heat flux.

Given that MSE is a conservative quantity in the tropics in

the absence of diabatic processes (Neelin and Held 1987) and

that the MJO precipitation anomaly is in phase with the MSE

anomaly (e.g., Jiang et al. 2015;Wang et al. 2017), it is desirable

to analyze the relative contribution of the MSE budget terms

on the rhs of Eq. (2) to the zonal asymmetry of the MSE ten-

dency in order to understand the effect of the VTS on MJO

eastward propagation.

3. Observed characteristics of the VTS and its
relationship with phase speed

While the composite pattern shows a clear VTS (Fig. 1b),

each of the individual MJO cases could differ. Figure 2 shows

the tilting intensity index for each of 84 MJO events. Note that

all the eastward propagatingMJO events are accompanied by a

VTS with a longitudinal distance ranging from 98 to 238. The
result seems to support the model diagnosis results by Wang

et al. (2017), who found that the presence of a VTS is a key for

separating the good and poor model groups in simulating MJO

eastward propagation.

The average tilting intensity index for the 84 MJO events is

14.28 and the standard deviation is 2.78. The standard deviation

for 1281 samples (i.e., MJO days) is 4.58. Based on the statis-

tical characteristic, two groups of the MJO events are defined.

One is the strong tilt group (STG; 15 events), defined as the

tilting intensity index being greater than 0.7 standard devia-

tions. The other is the weak tilt group (WTG; 19 events), de-

fined as the tilting intensity index being less than20.7 standard

deviations.

Figure 3 shows the composite patterns of the vertical ve-

locity and zonal wind fields for the two groups. The average

tilting intensity index for the STG is 18.78; it is 11.58 for the

WTG. The difference can be clearly seen from the figure

comparison. The descending motion to the east is stronger and

close to MJO convective center in the STG, leading to a

FIG. 2. Number of MJO events as a function of the tilting intensity

index (unit: degrees in longitude).

FIG. 3. Vertical–zonal cross sections of normalized anomalous vertical velocity (shaded) and zonal and vertical

velocity (vectors; m s21 for zonal wind and 0.02 Pa s21 for vertical pressure velocity) fields averaged between 158
south and north relative to the MJO convective center, based on the (a) STG and (b) WTG composite. The green

line denotes the MJO convective center. Areas with dots exceed a 95% confidence level with the Student’s t test.
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stronger vertical overturning circulation and a stronger east-

erly in the lower troposphere east of the MJO convection.

It is interesting to note that the average phase speed in the

STG is 7.9m s21, whereas for the WTG it is 5.9ms21. The dif-

ference exceeds a 99%confidence levelwith the Student’s t test.A

stronger tilting is associated with a faster propagation speed. To

further show that the VTS–phase speed relationship holds for all

theMJOevents, we plot the scatter diagram for all 84MJOevents

(Fig. 4). The correlation coefficient between the tilting intensity

index and phase speed is 0.5, exceeding a 99% confidence level

with the Student’s t test (the correlation coefficient of 0.28 cor-

responds to a 99% confidence level). This indicates that the VTS–

phase speed relationship is statistically significant, and a stronger

tilting structure corresponds to a faster eastward phase speed.

The observed VTS–phase speed relationship motivates us to

further examine dynamic mechanisms behind the linkage. In

the following section, we intend to reveal the dynamics behind

the observed relationship from the two types of the moisture

mode theory perspective.

4. Mechanisms responsible for the observed VTS–phase
speed relationship

a. Understanding the impact of VTS on phase speed from
the first type of moisture mode theory perspective

As discussed in the introduction section, the first type of the

moisture mode theory emphasizes the zonal asymmetry of the

perturbationmoisture in the PBL (Hsu and Li 2012). A greater

PBL moisture asymmetry would lead to a faster eastward

phase speed. Figures 5a and 5b show the composite patterns of

PBL moisture anomaly fields for the STG and WTG. While a

positive moisture leading happens in both the groups, the

amplitude of the moisture anomaly is greater in the STG than

in the WTG, in particular over the key analysis domain (108–
408 in longitude, from 2158 to 158 in latitude, relative to the

MJO convective center).

Figure 5c further shows the relationship between the tilting

intensity index and the PBL moisture anomaly averaged in the

key analysis domain for all 84 MJO events. There is a signifi-

cantly positive correlation between them. The correlation co-

efficient is 0.67, exceeding the 99% confident level with the

Student’s t test. This indicates that a stronger tilting structure

corresponds to a stronger moisture leading.

According to the first type of the moisture mode theory, a

stronger PBL moisture leading favors a greater phase speed.

Figure 5d shows the scatter diagram for the domain averaged

moisture anomaly and the phase speed for all the MJO events.

The two variables are significantly positively correlated, indicating

that a stronger moisture leading indeed leads to a faster eastward

phase speed, consistent with the moisture mode theory.

What causes the difference of the PBL moisture anomaly

between the STG and WTG? To address this question, a PBL

averaged (1000–700 hPa) moisture budget analysis is con-

ducted over the key analysis region (i.e., the black box in

Fig. 5a). Figure 6 shows the budget analysis result. The largest

contribution of the moisture leading in both groups arises from

the vertical advection, followed by the meridional advection.

The difference between STG and WTG is significantly posi-

tive, and is mainly controlled by the meridional and vertical

advection (their differences exceed a 95% confidence level

with the Student’s t test). To reveal specific processes respon-

sible for the moisture differences, the meridional and vertical

advection terms are further separated into eight components,

respectively, as follows:

2(y›
y
q)

0 52(y›
y
q0)0 2 (y›

y
q*)

0 2 (y0›
y
q)

0 2 (y0›
y
q0)0

2 (y0›
y
q*)

0 2 (y*›
y
q)

0 2 (y*›
y
q0)0 2 (y*›

y
q*)

0
,

(3)

2(v›
p
q)

0 52(v›
p
q0)0 2 (v›

p
q*)

0 2 (v0›
p
q)

0 2 (v0›
p
q0)0

2(v0›
p
q*)

0 2 (v*›
p
q)

0 2 (v*›
p
q0)0 2 (v*›

p
q*)

0
,

(4)

where a prime denotes reconstructed variable representing the

MJO-scale variable, a bar represents the background mean

state (with a 100-day low-pass filtering), and an asterisk

denotes a high-frequency variable (with a 20-day high-pass

filtering). The diagnosis result shows (figures not shown) that

the dominant terms are2y0›yq (i.e., the advection of the mean

moisture by anomalously MJO–time scale meridional wind)

and 2v0›pq (i.e., the advection of the mean moisture by

anomalously MJO–time scale vertical velocity).

Figure 7 shows the composite patterns of the anomalous

circulation and the mean moisture fields averaged over the

PBL for the STG andWTG. There are two Rossby gyres to the

west of the MJO, induced by MJO convective heating, con-

sistent with the Gill response. Induced by the descending

FIG. 4. Scatter diagram of the tilting intensity index (y axis; 8) and
the phase speed (x axis; m s21) for all 84MJOevents. The red line is

the least squares fit line. The correlation coefficient is 0.50, ex-

ceeding the 99% confidence level with the Student’s t test.
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motion to the east of MJO, there are also two Rossby gyres to

the east, which is a little far away from the MJO convective

center. The key region is occupied with anomalous poleward

flow. Given the observed mean moisture distribution with a

maximum near the equator, such a poleward flow would

cause a positive meridional advection, resulting in a positive

moisture leading.

Figure 7c shows that the difference of the anomalous cir-

culation and the mean moisture between STG and WTG. To

reveal their relative contributions to the anomalously meridi-

onal moisture advection, one may separate the advection dif-

ference term into the following four terms:

D(2y0›
y
q)52D(›

y
q)y0 2D(y0)›

y
q2D(›

y
q)D(y0)1R , (5)

where D denotes the difference between the STG and WTG

(i.e., STG minus WTG); R represents the remaining item. The

diagnosis result (Table 1) shows that the change of the

anomalous wind is important, explaining about 67% of the

change. The change of the mean moisture also plays a role,

explaining about 33% of the change. The interaction between

the change of anomalous wind and mean moisture can also

explain 37% of the change. Therefore, it is both the enhanced

poleward flow and the enhanced mean meridional moisture gra-

dient that cause a greater positive meridional moisture advection

anomaly in front of MJO convection in the STG.

Figure 8 shows the zonal–vertical sections of the anoma-

lously vertical velocity and the mean moisture below 700 hPa.

In the key analysis region, there is an ascending anomaly

leading the MJO convective center in both the groups. As the

mean moisture has a maximum at the surface and decays with

height, an ascent anomaly results in a positive vertical advec-

tion anomaly. Using the same separation method as Eq. (5),

the relative contribution of the anomalous wind and mean

moisture changes can be assessed. Table 2 shows that the

change of the anomalously vertical motion is important,

FIG. 5. (top) Composite patterns of normalized specific humidity anomaly (g kg21) averaged over the PBL (1000–

700 hPa) based on the (a) STG and (b) WTG. The green dot denotes the MJO convective center. The black box

represents a key analysis region. (bottom) Scatter diagrams of box-averaged specific humidity (x axis; g kg21) vs

(c) the tilting intensity index (y axis; 8) and (d) the phase speed (y axis; m s21) for all the MJO events. Correlation

coefficients and least squares fit lines are shown at each panel.
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accounting for 125% of the vertical advection difference

between STG and WTG. Figure 8c shows the difference

fields. The increase of both the anomalous ascent and the

mean moisture vertical gradient favors the enhanced ver-

tical moisture advection in front of MJO convec-

tion in STG.

In summary, a greater PBL moisture anomaly is observed in

front of MJO convection in the STG than in the WTG. The

difference is primarily attributed to the increase of the

anomalously poleward flow and ascending motion in the PBL,

which result in stronger meridional and vertical moisture advec-

tion in the STG. This leads to a greater PBLmoisture anomaly in

front of MJO convection, favoring a faster phase speed.

FIG. 6. PBL averaged (1000–700 hPa) moisture budget terms

(1027 kgm22 s21) averaged over the key analysis region (i.e., the

black box in Fig. 5a) for the (a) STG and (b) WTG, and (c) the

difference between the STG and WTG. Bars from left to right

represent, respectively, the specific humidity tendency, the sum

of the budget terms in the right-hand side of Eq. (1), zonal ad-

vection, meridional advection, vertical advection, and conden-

sational heating rate.

FIG. 7. Composite patterns of normalized streamfunction (vec-

tors; m2 s21) and the mean specific humidity (shaded; g kg21) fields

averaged over the PBL (1000–700 hPa) based on the (a) STG and

(b)WTG, and (c) their difference. The green dot denotes the MJO

convective center. The black box denotes the key analysis region.

TABLE 1. Relative contribution of the mean moisture and the

anomalously meridional velocity to the difference of the anoma-

lously meridional moisture advection between STG and WTG.

Percentage of total change is in parentheses. Bold type denotes the

most important item. Units are 1027 kgm22 s21.

D(2y0›yq) 2D(›yq)y0 2D(y0)›yq 2D(›yq)D(y0) R

0.52 0.17 (33%) 0.35 (67%) 0.19 (37%) 20.19
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b. Understanding the impact of VTS on phase speed from
the second type of moisture mode theory perspective

The second type of the moisture mode theory emphasizes

the role of zonal asymmetry of the column-integrated MSE

tendency on eastward propagation. Figure 9 shows the column-

integrated MSE tendency patterns for the STG and WTG.

Note that in both groups there are a positive MSE tendency to

the east and negative tendency to the west of the MJO con-

vective center, the gradient of which promotes the eastward

propagation. The zonal gradient of the MSE tendency is

stronger in the STG than in the WTG, which is consistent

with a faster phase speed in STG.

The two analysis boxes are selected to calculate the east–

west gradient of the MSE tendency. The east box covers the

region of 308–1208 in longitude and from2158 to 158 in latitude,
relative to theMJO convective center, and the west box covers

the region from2908 to 308 in relative longitude and from2158
to 158 in relative latitude. The reason why the domain over the

east is larger than it over the west is that the positive MSE

tendency to the east has a larger zonal extension than the

negative anomaly to the west (Fig. 9) because the former cor-

responds to Kelvin wave response while the latter corresponds

to Rossby wave response, which is consistent with Wang et al.

(2018, 2020a). To cover both the Kelvin wave and Rossby wave

effect, the domains are chosen to be larger to the east and

smaller to the west. Figure 9c shows a scatter diagram for the

tilting intensity index and the MSE tendency gradient (i.e., the

east box minus the west box) for all the MJO cases. The corre-

lation coefficient is 0.58, which indicates that there is a signifi-

cantly positive relationship between the VTS and the MSE

tendency gradient. A stronger tilting structure corresponds to a

greater zonal asymmetry of the MSE tendency.

The relationship between the MSE tendency gradient and

the phase speed is clearly revealed in Fig. 9d. They are signifi-

cantly positively correlated, confirming that a stronger MSE ten-

dency gradient indeed promotes a faster eastward phase speed.

What causes the distinctiveMSE tendency gradient between

the STG and WTG? To address this question, a column-

integrated MSE budget analysis is conducted over the key

analysis regions (i.e., the black boxes in Fig. 9a). Figure 10

shows the budget analysis result. The largest contribution of

the east–west MSE tendency gradient in both groups comes

from the meridional MSE advection, followed by the vertical

advection. The difference between STG and WTG is positive

and mainly controlled by the east region, while the west region

plays the negative role in causing the difference of MSE ten-

dency gradient. And the difference of MSE tendency gradient

is primarily attributed to the vertical MSE advection. To reveal

specific processes responsible for the difference, the vertical

MSE advection is further separated into eight components as

follows:

2hv›
p
mi0 52hv›

p
m0i0 2 hv›

p
m*i0 2 hv0›

p
mi0 2 hv0›

p
m0i0

2 hv0›
p
m*i0 2 hv*›

p
mi0 2hv*›

p
m0i0 2 hv*›

p
m*i0 .
(6)

The result shows that 2v0›pm (i.e., the advection of the mean

MSE by anomalously vertical motion) plays a key role.

FIG. 8. Vertical–zonal cross sections of the anomalously vertical

velocity (contours; Pa s21) and the mean specific humidity

(shaded; g kg21) fields, averaged between 158 south and north

relative to the MJO convective center, based on the (a) STG and

(b) WTG, and (c) their difference. The green box denotes the key

analysis region.

TABLE 2. Relative contribution of the mean moisture and the

anomalously vertical velocity to the difference of the anomalously

vertical moisture advection between STGandWTG. Percentage of

total change is in parentheses. Bold type denotes the most impor-

tant item. Units are 1027 kgm22 s21.

D(2v0›pq) 2D(›pq)v0 2D(v0)›pq 2D(›pq)D(v0) R

0.61 0.15 (26%) 0.76 (125%) 0.11 (18%) 20.41
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Figure 11 shows the zonal–vertical sections of the anoma-

lously vertical velocity and mean MSE in the STG and WTG.

Note that the mean MSE always has a minimum in middle

troposphere (about 600 hPa) and a maximum near the tropo-

pause and the surface. This is because the potential energy

always increases with height while the mean temperature and

humidity decrease with height. The anomalously vertical ve-

locity field is characterized by a second-baroclinic-mode ver-

tical structure away from the MJO deep convection region

(Wang et al. 2017; Li and Hu 2019). There is anomalous de-

scent in the upper troposphere and ascent at low levels in front

of MJO convection. The vertical velocity is almost zero at the

middle level. Such a vertical velocity profile leads to a positive

vertical MSE advection anomaly to the east. The situation is

just opposite to the west of the MJO convective center, with an

ascent anomaly in the upper level and descent in the lower

level. This feature is consistent with the VTS described in

section 3. The zonal asymmetry of theMSE tendency promotes

the eastward propagation of the MJO.

The difference of the anomalously vertical MSE advection

between the STG and WTG may be decomposed into four

terms as follows:

D(2v0›
p
m)52D(›

p
m)v0 2D(v0)›

p
m2D(›

p
m)D(v0)1R .

(7)

Table 3 shows the diagnosis result. The difference of the anom-

alously vertical velocity plays an important role. Figure 11c shows

the difference field. A positive (negative) difference appears

to the east (west) of MJO, implying a strengthened vertical

velocity anomaly in both the front and rear, and thus a greater

MSE tendency asymmetry appears in the STG.

In summary, a greater MSE tendency asymmetry is ob-

served in the STG than in the WTG. The strengthened ten-

dency asymmetry results primarily from the advection of the

mean MSE by anomalously vertical velocity. A strengthened

upper-tropospheric descent (ascent) anomaly appears to the

east (west) of MJO convection in the STG, leading to a

FIG. 9. (top) Composite patterns of the anomalous column-integrated MSE tendency (kg s23) based on the

(a) STG and (b)WTG. The green dot denotes theMJO convective center. Black boxes represent the key analysis

regions to represent the MSE tendency gradient. (bottom) Scatter diagrams of box averaged (east box minus

west box) MSE tendency difference (x axis; kg s23) vs (c) the tilting intensity index (y axis; 8) and (d) the phase

speed (y axis; m s21) for all the 84 MJO events. Correlation coefficients and least squares fit lines are shown on

each panel.
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stronger MSE tendency gradient and a faster eastward

phase speed.

c. Processes linking the VTS to the moisture/MSE tendency
asymmetry

The diagnosis above reveals a close link between the VTS

and the PBL moisture asymmetry/MSE tendency asymmetry.

It is primarily through the change of strength of the anomalous

easterly at the low troposphere and sinking branch in front of

MJO convection. The former influences the PBL moistening

by affecting meridional and vertical moisture advection,

whereas the latter affects the MSE tendency by influencing

the vertical MSE advection. In this section, we further in-

vestigate possible processes through which the VTS influ-

ences the anomalous easterly and descent in front of MJO

convection.

Through idealized numerical model experiments, Wang

et al. (2017) showed that the occurrence of a tilted heating

profile in the rear could cause a strengthened descent and a

strengthened vertical overturning circulation in the front com-

pared to a straight heating profile (see their Fig. 9). Figure 12a

illustrates the relationship between the tilting intensity index

and the free-atmospheric descending motion averaged over

200–700 hPa and 608–908 in relative longitude (where the max-

imum sinking branch located). The correlation coefficient be-

tween them is 0.74, exceeding a 99% confidence level with the

Student’s t test. This indicates that a stronger tilting structure

leads to a greater descent in the front, consistent with Wang

et al. (2017). The stronger tilting structure, on the one hand,

causes a greater negative vertical MSE advection to the west,

and on the other hand it leads to a greater positive MSE ten-

dency to the east of MJO convection (through enhancing the

descent and vertical MSE advection). The stronger MSE ten-

dency gradient promotes a faster phase speed, consistent with

the second type of the moisture mode theory.

The enhanced overturning circulation in the front also

strengthens the low-level easterly, promoting a stronger PBL

convergence response. According to Hsu and Li (2012), the

PBL convergence and ascending motion in front of MJO

convection mainly result from the easterly anomaly and asso-

ciated low pressure anomaly at the top of the PBL. Figure 12b

shows the relationship between the descending motion in the

front and the easterly anomaly at 700 hPa averaged over 108–
708 in relative longitude (which contains the range of easterly

Kelvin wave response). The correlation coefficient is very high

(20.9), indicating a close connection.

Figure 12c is a scatter diagram between the anomalous

easterly at the top of the PBL and the PBL divergence aver-

aged over the key analysis region (i.e., the black box in Fig. 5a).

The correlation coefficient between the two variables is 0.45,

exceeding a 99% confidence level with the Student’s t test. A

stronger PBL convergence is associatedwith a stronger upward

motion in the lower troposphere according to the mass conti-

nuity equation (the correlation coefficient between them is 0.99).

The stronger ascent promotes a greater moisture anomaly

through anomalously vertical advection, leading to a faster

eastward phase speed.

A stronger descent in the front also results in a stronger low-

level poleward flow through a Rossby wave response to a

strengthened negative heating anomaly. Figure 12d shows the

relationship between the anomalous descent and poleward

flow. Here the equatorially antisymmetric component of the

meridional velocity averaged over the key analysis region is

used to measure the strength of the poleward flow. The cor-

relation coefficient between them is 0.69, indicating their close

relationship. It follows that a stronger poleward flow causes a

FIG. 10. Column-integratedMSE budget terms (kg s23) based on

the (a) STG and (b) WTG, and (c) their difference. Bar groups

from left to right represent, respectively, the MSE tendency, the

sum of the budget terms in right-hand side of Eq. (2), zonal ad-

vection, meridional advection, vertical advection, radiation heating

rate, and surface heat flux. Red, green, and gray bars represent,

respectively, an average over the east box (from 308 to 1208, from
2158 to 158), the west box (from 2908 to 2308, from 2158 to 158;
black boxes in Fig. 9), and the east–west box difference.
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stronger meridional moisture advection, leading to a stronger

moisture anomaly in front of the convection and a faster

phase speed.

d. Background conditions controlling the tilting strength

While the analysis above indicates a close linkage between

the VTS and the phase speed, it is not clear what determines

the tilting intensity. Figure 13 shows the background SST, PBL

moisture, and equivalent potential temperature fields re-

gressed onto the tilting intensity index for all theMJO events in

fixed map to demonstrate the modulation of background sig-

nals on MJO tilting structure. It is worth mentioning that the

mean MJO convective center (i.e., the green dot in Fig. 13) is

the average location of 84 MJO events, as they all propagate

from the tropical Indian Ocean to the tropical western Pacific.

Here the background state represents the 100-day low-pass

filtered variables. It is seen that over the tropical Indian Ocean

where most of the MJO events were initiated, a warmer

background SST and more humidity at the lower troposphere

occur. Defining the background equivalent potential temper-

ature difference between 500 and 200 hPa to represent the

convective instability of the upper level (a positive difference

implies a warmer potential temperature at 500 hPa), one may

find that the upper troposphere is more convectively unstable

when a stronger tilting structure is observed. Physically, one

may argue that a warmer background SST, a greater column

moisture, and a stronger upper-level convective instability fa-

vor the greater development of stratiform clouds to maintain

the upper-level ascent in the rear of the MJO convection. This

in turn promotes a more tilting vertical structure.

It is interesting to note that positive SST and moisture

anomalies appear in the eastern Pacific, resembling an El Niño
pattern, which is beneficial for a stronger MJO tilting. The

finding that an El Niño pattern corresponds to faster propa-

gation of MJO is consistent with Wang et al. (2019), who

proposed that in the condition of an El Niño, the Indo-Pacific

warm pool and the associated active convective region expand

eastward, leading to an increased zonal scale and faster propa-

gation of the MJO. However, the physical mechanism through

which the eastern Pacific SST anomaly affects the MJO tilting

structure remains unknown, and the discussion above is quali-

tative. Further in-depth observational and modeling studies are

needed to understand the background impact.

5. Summary and discussion

The impact of vertically tilted structure on MJO phase

propagation was found based on a previous model diagnosis

study (Wang et al. 2017). It is not clear whether or not this

tilting structure exists in the observational data, and if it does

exist, what its relationship is with MJO phase speed. In this

work, through a detailed diagnosis of the 33-yr observational

data, we intend to address these two scientific questions.

The MV-EOF is used to isolate the eastward propagating

MJO signal. A total of 84 MJO events are selected for the 33

northern winter seasons. It is interesting to note that all the

MJO events are accompanied with vertically tilted structure,

ranging from 98 to 238. The average and standard deviation are

FIG. 11. Vertical–zonal cross sections of the anomalously vertical

velocity (contour; Pa s21) and the meanMSE (shaded; m2 s22) fields

averaged between 158 south and north relative to the MJO convec-

tive center, based on the (a) STG and (b) WTG, and (c) their dif-

ference. Green boxes represent the key analysis regions.
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14.28 and 2.78, respectively. A composite is done for the strong

and weak tilt groups. It is found that the average phase speeds

of the two groups are significantly different, with 7.9m s21 for

STG and 5.9m s21 for WTG. The VTS–phase speed relationship

is further confirmed by individual MJO events, with a correlation

coefficient of 0.50, exceeding a 99% confidence level with the

Student’s t test.

The impact of the VTS on the phase speed is investigated

from two types of the moisture model theory perspectives. The

physical mechanism is shown in Fig. 14. The first type of the

moisture mode theory emphasizes the moisture asymmetry in

the PBL. It was shown that a positive PBL moisture anomaly

in front of the convection could trigger the local convective

instability and promote the eastward propagation (Hsu and Li

2012; Chen and Wang 2020). While both the STG and WTG

present a positive PBL moisture leading, a stronger tilting

leads to a greater perturbation moisture in the front through

enhanced vertical and meridional moisture advection (ac-

cording to a moisture budget analysis).

TABLE 3. Relative contribution of the mean MSE and the

anomalously vertical velocity to the difference of the anomalously

vertical MSE advection between STG and WTG. Percentage of

total change is in parentheses. Bold type denotes the most impor-

tant item. Units are kg s23.

D(2v0›pm) 2D(›pm)v0 2D(v0)›pm 2D(›pm)D(v0) R

3.01 20.88 (29%) 6.22 (207%) 0.02 (1%) 22.35

FIG. 12. Scatterplots of (a) the tilting intensity index (x axis; 8) vs the anomalous descent in front of the MJO con-

vection (y axis; 200–700 hPa, 608–908 in relative longitude; Pa s21), (b) the anomalous descent [as in (a); x axis; Pa s21)] vs

the easterly anomaly at 700 hPa averaged over 108–708 in relative longitude (y axis;m s21), (c) the easterly anomaly [as in

(b); x axis; m s21] vs PBL (1000–700 hPa) divergence averaged over 108–408 in relative longitude (y axis; m s21), and

(d) the anomalous descent [as in (a); x axis; Pa s21] vs the poleward flow anomaly at 700 hPa averaged over 108–408 in
relative longitude (y axis; m s21). Correlation coefficients and least squares fit lines are shown on each panel.
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It is found that a stronger tilting in the rear leads to a greater

descent in the front. The two variables are significantly corre-

lated (with a high correlation coefficient of 0.74) for all the

84 MJO events. The observed relationship is supported by the

idealized numerical model experiments of Wang et al. (2017),

who found that a backward tilting heating would cause a

stronger descent to the east. The stronger descent may further

cause a negative heating in situ, which induces a stronger

poleward flow and a stronger easterly response to its west, as a

Rossby wave response (Gill 1980). On the one hand, the en-

hanced poleward flow results in a greater meridional moisture

advection. On the other hand, the stronger easterly response at

the top of the PBL leads to a greater convergence (Hsu and Li

2012) and greater ascent in the PBL, which results in a greater

vertical moisture advection. Both the processes lead to a

greater PBL moisture in front of the convection and thus a

faster phase speed as shown in Fig. 14.

The second type of the moisture mode theory emphasizes

the column-integrated MSE tendency asymmetry. It has been

shown that the MSE center is approximately in phase with the

MJO convective center (Jiang et al. 2015; Wang et al. 2017). A

zonally asymmetric MSE tendency with a positive tendency to

the east and a negative tendency to the west could promote the

eastward propagation of the MJO. Under this theoretical

framework, whether or not the PBL moisture itself is asym-

metric is not critical. It is found that a greater tilting leads to a

greater column integrated MSE tendency gradient. A MSE

budget analysis shows that the cause of this relationship lies on

the anomalously vertical MSE advection in the upper tropo-

sphere, especially the positive advection to the east. A stronger

tilting in the rear causes a greater descent anomaly to the east

of theMJOconvection. Such a vertical velocity distribution leads

to a positive (negative) MSE vertical advection anomaly to the

east (west), given the observed mean MSE vertical profile. This

strengthens the zonal gradient of the MSE tendency and pro-

motes faster eastward propagation as shown in Fig. 14.

It is found that the vertical tilting intensity is modulated by the

background state. To thewest of theMJOcenter, the background

SST, low-level specific humidity, and upper-tropospheric con-

vective instability (represented by the difference of equivalent

potential temperature between 500 and 200 hPa) appear greater

when the tilting is greater. Besides, the eastern Pacific Ocean is

occupied bywarm SST and positivemoisture, just like anEl Niño
pattern. This indicates that the background state plays an im-

portant role in modulating the MJO tilting structure.

It is worth noting that MJO amplitude is not considered in

the current work. All variables have been normalized, which

represents the comparison is done based on the same MJO

strength. The correlation coefficient between MJO amplitude

and phase speed is 20.06, which denotes there is no direct

relationship between them. Note that there are many studies

focusing on the vertical tilting structure at the east of MJO

convection, particularly PBL ascent leading; the emphasis of

our paper is on the tilting structure in the rear of the MJO. A

similar tilting intensity index is defined to the east of the MJO.

The correlation coefficient between tilting intensity index in

FIG. 13. Regressed fields of (a) background SST (8C), (b) moisture averaged over the PBL

(g kg21), and (c) the difference of equivalent potential temperature between 500 and 200 hPa

(K) onto MJO tilting intensity index. The green dot denotes mean MJO convective center

position (1168E). Areas with dots exceed a 95% confidence level with the Student’s t test.
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the front and in the rear is almost zero, which denotes that

there is no direct connection between the tilted structure in the

front and the rear. Besides, the relationship between the tilting

intensity index in the front and MJO phase speed is not signifi-

cant (correlation coefficient is 0.1). Kerns and Chen (2014, 2015)

proposed that dry air advection from the subtropics to tropics

favored the initiation and eastward propagation of MJO by

suppressing the convection on the west side of MJO, which re-

quired more observational proof and further in-depth research.

Thus, we analyze the zonal gradient of PBL moisture. Results

show that there is no significant relationship between it and the

MJO phase speed (the correlation coefficient is 20.24).

While the current diagnoses are based on the two types of

moisture mode theories, it is worth mentioning that a number

of MJO theories have been developed during the past decades

[see recent review papers by Zhang et al. (2020) and Jiang et al.

(2020)]. Early theoretical studies regarded the MJO as a moist

Kelvin wave modified by convective heating through a wave-

CISK (conditional instability of the second kind) mechanism

(e.g., Lau and Peng 1987; Chang and Lim 1988), a wind-

induced surface heat exchange (WISHE) mode (Emanuel

1987), or a convection–frictional convergence (CFC) feedback

mode (Wang and Rui 1990; Wang and Li 1994; Li and Wang

1994). More recently, a skeleton theory (e.g., Majda and

Stechmann 2009; Thual et al. 2014; Thual and Majda 2015,

2016) and a gravity wave interference theory (Yang and

Ingersoll 2013, 2014) were proposed. It is desirable to validate

the current VTS–phase speed relationship from the afore-

mentioned different theoretical frameworks.

It is worth mentioning that the average phase speed of each

MJO event in the current work is calculated based on the slope

of a least squares fit line of the MJO convective centers. Such a

method might overestimate the MJO propagation speed and

ignore some propagation features, such as that the MJO often

slows down in the MC and propagates faster in colder sea

surface. To clearly describe the overestimating extent, another

method is applied to calculate the MJO phase speed by using

the center difference of the longitude of the MJO convective

center to represent each day’s propagation speed. The phase

speed for aMJO event is the average during theMJO life cycles.

On this basis, the average is 5.3m s21, a reduction of about 22%

from the original method in the paper (the average speed is

6.8m s21 based on the slope of a least squares fit line). Although

the phase speed varies in difference method, the positive rela-

tionship betweenMJOphase speed and vertical tilted structure is

robust. Other methods such as those proposed by Zhang and

Ling (2017) and Chen and Wang (2020), who found a tracking

line to describe the eastward propagation of MJO in the time–

longitude section, may also be used for comparison. Further in-

depth studies are needed to resolve these open issues.
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1) Daily outgoing longwave radiation (OLR) data used during

this study are openly available from the National Oceanic and

Atmospheric Administration (NOAA) at https://psl.noaa.gov/

FIG. 14. Schematic diagram illustrating the positive relationship between VTS and MJO phase speed from the

perspective of the first moisture mode theory (PBL moisture leading; blue arrows) and the second moisture mode

theory (MSE tendency asymmetry; yellow arrows).
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data/gridded/data.interp_OLR.html as cited in Liebmann and

Smith (1996).

2) Daily reanalysis data consist of three-dimensional wind,

geopotential height, temperature, specific humidity, and surface

heat fluxes fields areopenly available from theEuropeanCenter for

Medium-Range Weather Forecasts interim reanalysis (ERA-I) at

https://rda.ucar.edu/datasets/ds627.0/ as cited in Dee et al. (2011).
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