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ABSTRACT

The vorticity variability associated with the Madden–Julian oscillation (MJO) is examined. The analysis is

focused on the 150-hPa pressure level, because a clear dipolar-vortex signal, reminiscent of the theoretically

proposed strongly nonlinear solitary Rossby wave solution (albeit with the opposite sign), is seen in raw data

at that level. A local empirical orthogonal function (EOF) analysis over the equatorial region of the Eastern

Hemisphere (08–1808E) identifies the two principal components representing an eastward propagation of a

dipolar vortex trapped to the equator. Association of this propagation structure with the moist convective

variability of the MJO is demonstrated by regressing the outgoing longwave radiation (OLR) against this

EOF pair. The obtained evolution of theOLR field is similar to the one obtained by a direct application of the

EOF to the OLR. A link of the local vorticity variability associated with the MJO to the global dynamics is

further investigated by regressing the global vorticity field against the time series of the identified local EOF

pair. TheRossbywave trains tend to propagate toward the IndianOcean fromhigher latitudes, just prior to an

initiation of the MJO, and in turn, they propagate back toward the higher latitudes from the MJO active

region over the Indian Ocean. A three-dimensional regression reveals an equivalent barotropic structure of

the MJO vortex pair with the signs opposite to those at 150 hPa underneath. A vertical normal mode analysis

finds that this vertical structure is dominated by the equivalent height of about 10 km.

1. Introduction

The tropical atmospheric Madden–Julian oscillation

(MJO) is an eastward-propagating wavelike entity as-

sociated with strong convective activity (Zhang 2005).

For this reason, the MJO is often considered an equa-

torial wave strongly coupled with convection (e.g.,

Emanuel 1987; Yano and Emanuel 1991; Fuchs and

Raymond 2007; Raymond and Fuchs 2007, 2009; Majda

and Stechmann 2009). Recently, Yano and Tribbia

(2017) proposed an alternative theory that explains the

MJO as a strongly nonlinear free solitary Rossby wave

(see also Rostami and Zeitlin 2019). The basic premise

behind this alternative theory is that the MJO dynamics

is dominated by the vorticity field, and thus, a contribution

of convection may be neglected to the leading order.

A perspective of the vorticity-dominated dynamics of

the large-scale tropical circulation is originally suggested

by Charney (1963). He suggested it by a scale analysis

that the large-scale tropical circulation is nondivergent

to the leading order (see also Yano and Bonazzola

2009). Observational data analyses (Yano et al. 2009;

Adames et al. 2014; �Zagar and Franzke 2015) support
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this view. It naturally follows that the MJO may also be

understood in terms of the vortex dynamics.

The role of the vorticity field, especially a dipolar-

vortex structure, associated with the MJO is already

long recognized in various previous observational data

analysis (e.g., Knutson and Weickmann 1987; Rui and

Wang 1990; Hendon and Salby 1994; Matthews 2000;

Yanai et al. 2000; Kiladis et al. 2005; Adames et al. 2014;
�Zagar and Franzke 2015). However, a main problem

with those earlier observational studies is that the MJO is

identified in reference to the large-scale convective activ-

ity, as approximately represented by the outgoing long-

wave radiation (OLR). The goal of the present study is to

identify theMJO in the vorticity field from a point of view

of the vorticity dominance of the tropical large-scale cir-

culation, and compare the identified features herein with

those by convection-based traditional methods.

A problem with the traditional convection-based iden-

tification method is that the vorticity field associated with

the MJO tends to be too elongated in longitude (e.g.,

Fig. 2 in Kiladis et al. 2005) compared to the theoretical

prediction by Yano and Tribbia (2017). The latter is

about 3000km, whereas the observationally identified

scale tends to be a few times larger. Yano and Tribbia

(2017) speculated that this discrepancy is because con-

vection (OLR) is taken as a reference variable rather than

the vorticity itself. It is most likely that the convection and

the vorticity fields associated with the MJO are not per-

fectly in phase, but the latter fluctuates in phase relatively

to the former. Thus, taking the convection field as a

reference for the identification of the MJO leads to a

smoothing effect to the vorticity field. A primary motiva-

tion of the present study is to verify this speculation.

The correspondence of the identified intraseasonal-

scale eastward-propagating feature in the vorticity field

over the Indian Ocean and the western Pacific with the

MJO identified by conventional methods is verified by

taking the regression against the OLR to see that the

extracted vorticity-field evolution is indeed closely as-

sociated with the convective variability. Identification of

the MJO in the vorticity field inevitably leads to an in-

terpretation of the MJO in terms of the Rossby wave dy-

namics. This perspective further leads us to investigate a

link between the MJO and the Rossby wave trains

crossing a subtropical zone. The link of the MJO to the

higher-latitude variability was initially suggested by

Weickmann et al. (1985) and Knutson and Weickmann

(1987). Gustafson and Weare (2004), Ray and Zhang

(2010), andRay and Li (2013) speculated frommodeling

studies that the Rossby wave train arriving from the

higher latitudes (Northern Hemisphere) to the Indian

Ocean ‘‘triggers’’ the MJO. Observational analyses by

Hsu et al. (1990) and Zhao et al. (2013) support this

speculation. Observational analyses by Murakami (1987,

1988), Hsu et al. (1990), Kiladis and Weickmann (1992),

and Adames and Wallace (2014) further suggest that the

Rossby waves are emanated from the MJO over the

western Pacific. The present study is going to depict

these likely processes in a more explicit manner by fo-

cusing on the analysis on the vorticity field.

Another important question left unanswered in re-

spect to the theory of Yano and Tribbia (2017) is the

dominant equivalent height associated with the MJO

vorticity field. The theory finds that this parameter has a

major influence on the preferred propagation speed: as

the equivalent depth is decreased from 10 to 1 km, the

preferred phase velocity and horizontal scale decrease

from 8–18ms21 and 3000km to 2–4m s21 and 2000km.

Observational studies already suggest that the dynami-

cal fields associated with theMJO exhibits an equivalent

barotropic vertical structure. Nishi (1989) emphasizes

an equivalent barotropic nature of the intraseasonal

variabilities in general. This feature is more explicitly

seen for the MJO in, for example, Fig. 2 of Yano et al.

(2009), Figs. 6–8 of Holloway et al. (2013), Fig. 8a of

Zhang and Ling (2012), and Fig. 2 of �Zagar and Franzke

(2015). These studies suggest that the signals associated

with the MJO have a single sign in the vertical direction

throughout the troposphere with an opposite sign at the

tropopause level, a typical structure of the equivalent

barotropic mode. In this study, the equivalent height of

theMJO is directly diagnosed by a vertical normal mode

analysis by following Kasahara and Puri (1981) and

Fulton and Schubert (1985).

The paper is organized as follows. The next section

describes data used as well as the analysis methodology;

the results are presented in section 3, and they are dis-

cussed and summarized in section 4.

2. Analysis methodology

a. Data

The present study focuses on the vorticity field by

following a theoretical proposal by Yano and Tribbia

(2017) that the MJO is a strongly nonlinear free solitary

Rossby wave. The vorticity data are taken from the

European Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim; Dee et al.

2011). The data span from 1 January 1979 to 31 December

2016 with the resolutions of a day, 2.58 in longitude and

latitude, and 24 vertical pressure levels from 1000 to

50hPa.We take the 150-hPapressure level in themost part

of the following analyses, because a direct visual inspection

often shows a well-defined dipolar-vortex structure asso-

ciated with the MJO, as shown in, for example, Fig. 1 of
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Yano and Tribbia (2017), at this level. The OLR from

the National Oceanic and Atmospheric Administration

(Liebmann and Smith 1996) is used as a representation of

deep convection for the same period and with the same

temporal and spatial resolutions. The climatological

temperature profile in the vertical normal mode analysis

in section 3d is also taken from ERA-Interim data.

b. Filtering

The data time series is filtered by following Matthews

(2000): the annual cycle and the three subharmonics are

first removed. This is accomplished by setting the Fourier

coefficients for the corresponding frequencies to zero.

Data are then passed through a 20–200-day bandpass

Lanczos filter with 241 weights.

c. EOF

For extracting the MJO, the EOF decomposition is ap-

plied to thefilteredvorticity at the150-hPapressure level.To

emphasize the equatorial signals in the analysis, the vortic-

ity is divided by sinl, where l is the latitude, anticipating

that the magnitude of the vorticity is scaled by the Coriolis

parameter as a function of the latitude. To avoid a singu-

larity, the equatorial values are taken as the average over

the two closest latitudinal data points, at 2.58S and 2.58N.
In presenting the results, sinl is applied back to the obtained

EOF patterns so that the actual vorticity field is seen.

The obtained EOF time series [the principal components

(PCs)], PCj (j5 1, 2, . . .), are normalized by the condition

1

T

ðT
0

PC2
j (t) dt5 1, (1)

where T is the analysis period.

We focus on a particular EOF pair that represents an

eastward-propagating MJO mode. The time evolution

of the system approximated by a dominant EOF pair, say,

ith and jth, may be examined by a vector Z defined by

Z(t)5 [PC
i
(t), PC

j
(t)], (2)

where PCi and PCj are the ith and the jth PCs, re-

spectively. This vector Z may furthermore be charac-

terized by the amplitudeA(t) and the phase a(t) defined

respectively by

A(t)5 [PC2
i (t)1PC2

j (t)]
1/2

, (3a)

a(t)5 tan21[PC
j
(t)/PC

i
(t)] . (3b)

d. Regression analysis

A spatial pattern of any variable associated with a

given PC is estimated by a regression analysis, which

approximates a time series of any physical variable

u(t) by

u(t) ’ u1u0
j
PC

j
(t) . (4)

Here, PCj is the time series for the jth PC. The best fit to

the above equation provides the time-averaged field u
and the fluctuation u0

j of the given variable associated

with this PC. If the vorticity at 150hPa itself is used for

the regression, u0
j recovers the jth EOF pattern by defi-

nition. Regression may be performed separately for in-

dividual seasons: those are defined for the Northern

Hemisphere as winter [December–February (DJF)],

spring [March–May (MAM)], summer [June–August

(JJA)], and autumn [September–November (SON)].

Regression can also be applied to the vorticity of a dif-

ferent vertical level for inferring the vertical structure

of the variability (section 3d).

The regressed pair u0
i and u0

j can be used to reconstruct

a typical evolution associated with this pair as a function

of the phase a [Eq. (3b)] by

u0
i cosa1u0

j sina . (5)

By further adding a lag t to the above regression

method [Eq. (4)], we can infer the most likely sub-

sequent and precedent evolution of an obtained EOF

pattern:

u(t) ’ u1u0
j(t)PCj

(t2 t) . (6)

As a result, u0
j(t) presents the most likely evolution of

the variable u preceding as well as following the maxi-

mum of the given PC.

In all the following regression analyses, the F test is

applied, and only the values that are statistically signif-

icant at the 99% level are shown in the graphics.

e. Wave activity flux

Furthermore, to see the sense of the wave energy

propagation, the wave activity flux defined by Takaya

and Nakamura (2001) is superposed. Here, the pertur-

bation streamfunction used for calculating the wave

activity flux is either from EOF patterns or from lag-

regressed vorticity fields, and the basic flow is based on

either the climatology or the seasonal mean of the

vorticity field.

3. Results

a. Local EOF analysis

The EOF analysis is first performed over a local do-

main spanning over the Eastern Hemisphere (08–1808E)
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and 308S–308N in latitude. Here, we focus on the Eastern

Hemisphere, which covers both the Indian Ocean and

the western Pacific, because over these regions, a slow

eastward-propagating feature of the MJO, the main in-

terest of the present study, is best identified: see further

discussions in section 4b. When the EOF analysis was

extended to the whole globe in longitude, the identified

EOF modes were dominated by the variabilities over

eastern Pacific to the Atlantic, not associated with the

MJO in any obvious manner.

The obtained first eight EOFs are shown in Fig. 1. We

focus on the first eight, because the signals become

weaker near the equator and also become less sym-

metric about the equator for the higher EOFs. Dipolar

structures, consisting of an anticyclonic vortex pair in

both hemispheres, are identified from the Indian to the

Pacific Oceans (in the order of being identified from

west to east) in the first, fifth, third, and fourth EOF

modes. These dipolar structures are reminiscent (albeit

with the opposite sign) of the solitary Rossby vortex pair

studied by Yano and Tribbia (2017), being trapped to

the equatorial region (208S–208N).

The longitudinal scale in the first EOF is rather large,

extended for 6000km from 308 to 908E; that of the third
EOF is slightly smaller, extended for 4500km from 908
to 1358E. Nevertheless, these scales tend to be closer

than those of the earlier observational analyses to

theoretically predicted scale of 3000 km by Yano and

Tribbia (2017). Here, the first EOF accounts for 6.1% of

the total variance for the vorticity divided by sinl. This

value is comparable to that of the leading-order EOF

identified for the OLR field by Matthews (2000) by a

similar method (6.6%). On the other hand, when the

filter width is narrowed to 30–70 days, fractional con-

tributions of the first only increase to 7.0%. This is in

contrast to theOLR-based analysis byMatthews (2000),

in which the contribution doubles by narrowing the filter

width in a similar manner.

FIG. 1. The first eight EOFs of vorticity (31026 s21) obtained over the eastern tropics. The fractional contribution

of each EOF is marked at the upper right of each panel.
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For identifying a possible pair of EOFs that corre-

sponds to a slow eastward propagation of the MJO, we

infer the mutual time dependence of those EOF modes

by the lag correlations: Fig. 2 shows the maximum (in

absolute values) lag correlation coefficients (Fig. 2a) and

the lag leading to the maximum for all the possible

correlation combinations among the first eight EOFs

(Fig. 2b). The lag correlations are evaluated for the

range from 245 to 45 days. The lag is defined in such a

manner that a positive value suggests that an EOFmode

in the row leads that in the column. The lag correlation

between the first and the third EOFs is found most dis-

tinguished among all the possible pairs with the maxi-

mum lag correlation of 0.24, whereas the lag correlations

of the other pairs fall well below 0.2 inmagnitudes. Thus,

we decide to focus on this pair in the following.

The best lag between them, 9 days, suggests that the

dipolar structure over the Indian Ocean (first EOF)

precedes that over the western Pacific (third EOF) by

9 days. The obtained lag is comparable to those obtained

with some indices proposed for the MJO: the all-season

real-time multivariate MJO index (RMM; Wheeler and

Hendon 2004), the velocity potential multivariate index

(VPM; Ventrice et al. 2013), and the OLR-based MJO

index (OMI; Kiladis et al. 2014) as shown in Table 1 of

Adames and Wallace (2014).

To see details of the lag structure, the lag correlation

between the first and the third EOFs is plotted as a

function of the lag in Fig. 2c, in which we identify the

three prominent peaks in the lag correlation: 246, 210,

and 9 days. A lag of 210 days, with a negative correla-

tion, suggests that the first EOF is minimum after

10 days when the third EOF is maximum; a lag

of246 days, with a positive correlation, suggests that the

first EOF returns to the maximum 46 days after the

maximum of the third EOF. Thus, a complete cycle is

realized over the 46 days initiated with an eastward

propagation of a dipolar structure from the Indian

Ocean to the western Pacific.

Matthews (2000) performed a similar analysis with

OLR, and identified MJO cycles for a period from

December 1987 to April 1988. Figure 3a plots the time

series of the two identified principle components from

the vorticity field by our analysis for this period. An off-

phase relation between these two principal components is

well identified over the period from November 1987 to

February 1988, in a similar manner as in Matthews (2000).

If the EOF pair identified in the vorticity field is in-

deed associated with the MJO, we also expect an en-

hanced convective activity associated with this pair.

More specifically, we expect that convection is more

active over the Indian Ocean and the western Pacific,

respectively, when the first and the third EOFs are

FIG. 2. (a) Maximum (absolute value) lag-correlation coefficients

and (b) the corresponding lags (days) of the first eight PCs. The labels

for rows and columns indicate the PC numbers. A positive lag means

the PC in the row leads the PC in the column. (c) Lag correlation

between the first and the third PCs as a function of the lag (days).
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dominant. To verify this, the time-filtered OLR aver-

aged over the Indian Ocean (308S–308N, 508–1208E) and
the western Pacific (308S–308N, 1008–1508E) are also

plotted in Fig. 3a. PCs and these OLR time series are

relatively well correlated with their maximums and

minimums corresponding to each other reasonably. The

correlation between the first EOF and the OLR aver-

aged over the Indian Ocean and that between the third

EOF and the OLR averaged over the western Pacific

are 20.42 and 20.46, respectively. It suggests that the

dipolar structure identified in the vorticity field is indeed

associated with a local enhancement of convection.

The characteristics for PCs defined by Eqs. (3a) and

(3b) are plotted for the identified EOF pair (i 51 and

j 5 3) in Fig. 3b for the same period as in Fig. 3a. The

eastward propagation is suggested more clearly in the

phase time series here. Four cycles of eastward propaga-

tion identified over the period from November 1987 to

June 1988 are in agreement with Fig. 2d of Matthews

(2000): two complete cycles over November 1987–

January 1988 and another two over March–June 1988

with a break between these two periods. A further

eastward-propagating event is also identified over January–

February 1988. However, this cycle is never completed.

The amplitude A(t) does not represent an obvious corre-

lation between the active phase of the MJO over the In-

dian Ocean (a 5 08) or the suppressed phase (a 5 1808),
although it may be notable that the amplitude is largest

during the third MJO cycle over March–April 1988.

A typical spatial evolution associated with the PC pair

(first and third) can be inferred from a linear combina-

tion of these two EOF modes with a weighting modified

with the evolution of the phase a by setting u0
1 and u0

3 to

EOF1 and EOF3 in Eq. (5). The result in Figs. 4a–e for

the phases a 5 08–908 shows that the eastward propa-

gation of the vortex pair from the Indian Ocean to the

western Pacific is not quite continuous, but rather con-

sists of a jump of the vortex pair from a region to another

with a relatively weak elongated vortex pair seen at a

transition phrase (a 5 458).
The associated evolution of the OLR field is obtained

by the regression setting u0 5 OLR in Eq. (4), and then

setting u0 5 OLR in Eq. (5) with the selected phases a

(Figs. 4f–j). The associated eastward propagation of

OLR is more continuous in time than that of the vorticity

field. The plot is reminiscence of Fig. 3 ofMatthews (2000),

which is obtained by a direct application of EOF to

OLR. The correspondence demonstrates that the EOF

pair identified in the vorticity field indeed represents

the MJO.

b. Global EOF analysis

The same analysis as the last subsection is repeated

globally for examining possible interactions of the MJO

with the extratropical Rossby waves, as speculated by

Gustafson and Weare (2004), Ray and Zhang (2010),

Ray and Li (2013), and Zhao et al. (2013). The EOF

modes depicted by the local analysis in the last sub-

section already suggest that the vorticity variability asso-

ciated with the MJO is not well confined to the equatorial

region, but further extends to the higher latitudes.

The global EOF analysis is performed also by dividing

the vorticity at 150 hPa by sinl to obtain the variabilities

preferably centered to the equator. Nevertheless, as it

turns out, more or less all the identified EOF patterns

represent global characteristics, making it difficult to

identify MJO modes among them in a straightforward

manner. Temporal correlations of these global PCswith the

first and the third local PCs are taken to identify the MJO

modes from these global EOFs. The results for the first 30

global EOF modes are shown in Fig. 5. The correlations

with the higher global EOF modes are much weaker.

The strongest correlation with the first local PC is

found with the seventh global PC. Its spatial pattern

(Fig. 6a) represents a similar dipolar vortex over the

Indian Ocean. The first local PC is also well correlated

with the twelfth and the thirteenth global PCs. The

corresponding two global EOF modes represent me-

ridional wavelike patterns crossing the tropical Indian

Ocean with the peaks over the Arabian Peninsula and

China, respectively. These patterns suggest interactions

between the MJO over the Indian Ocean and signals

FIG. 3. (a) Time series of the first (blue dashed) and the third

(blue solid) local PCs as well as the OLR time series averaged

over the Indian Ocean (OLR_IO; red dashed) and the western

Pacific (OLR_WP; red solid). (b) Phase a(t) (purple dotted) and

amplitude A(t) (blue dashed) of Z(t)5 [PC1(t), PC3(t)] during

July 1987–July 1988. The 4-month period marked by vertical black

lines corresponds to the period of three MJO cycles identified

by Matthews (2000). Here, the PCs are normalized by Eq. (1).

1790 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 76



from the higher latitudes. The first local PC is also cor-

related with some other global PCs (first, third, fourth,

fifth, eighth, ninth, and eleventh). However, the corre-

sponding EOF patterns are characterized by more var-

iabilities over the eastern Pacific and the Atlantic.

Notably the global fourth and the eleventh EOFs con-

tain equatorial dipolar vortex over the date line.

A closer look of the seventh global EOF in Fig. 6a

reveals several extratropical signals. First noted is a di-

polar vortex located in the northern central Pacific with

anticyclonic vorticity in the north. A similar feature is

also identified by, for example, Weickmann et al. (1985;

see their Fig. 9a) in association with the MJO. It most

likely corresponds to blocking, as it is climatologically

known that it is dominant over this area along with the

NorthAtlantic [cf. Fig. 2 of Dole andGordon (1983) and

Fig. 8 of Small et al. (2014)]. Typical composites of

the North Pacific blocking state [e.g., Figs. 7 and 16 of

Small et al. (2014)] are shifted slightly northward, but

otherwise the structure is very similar.

The second most noticeable feature is a Rossby wave

train crossing over the tropical Atlantic meridionally: it

stretches northward to 308N, and the feature can be

traced southward for a substantial distance, crossing

South America, and reaches the southeastern Pacific.

Crossing the southern Pacific, it turns back northward

over the southwestern Pacific toward the Indian Ocean,

although gradually weakening in signal by tracing

backward. This feature can be interpreted as a Rossby

wave train following a trajectory along a great circle

connecting the Indian Ocean and the tropical Atlantic

(cf. Hoskins and Karoly 1981).

A superposed wave activity flux (section 2e) con-

verges toward the equator over the Atlantic. Over the

Indian Ocean, a southward energy flux is identified over

the Southern Hemisphere positive anomaly. The mag-

nitude of the wave energy flux in between is rather weak.

Nevertheless, it is possible to trace the northeastward

flux backward from the Atlantic Ocean to the South

Pacific.

Figure 5 shows that the third local PC is correlated

well with the fourth, fifth, and eighth global PCs, with

the highest correlation with the fourth. The eighth

global EOF contains a similar dipolar structure as the

FIG. 4. The regression maps of (a)–(e) the vorticity (31026 s21) and (f)–(j) the OLR (Wm22). The phase (8) is
marked at the upper right of each panel. Only the values above the 99% significance level are shown.
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third local EOF over the western Pacific. The third local

PC is also significantly correlated with the second, sev-

enth, sixth, and twentieth global PCs. Recall that the

seventh global PC is the best correlated with the first

local PC.

The fourth global EOF pattern is shown in Fig. 6b. As

in the case with the seventh global EOF, the dipolar

vortex over the northern Pacific is prominent. As a

major difference from the seventh EOF, this dipolar

vorticity is no longer well isolated, but it appears to

constitute a part of the Rossby wave train crossing the

equatorial western Pacific with a southern counterpart

dipolar vortex identified over Australia; theMJO vortex

pair is identified right at the equator along this Rossby

wave train structure. The four of these vortices centered

around the equator are reminiscent of a structure iden-

tified by Adames and Wallace (2014).

c. Evolution of the 150-hPa MJO vortex pair

The global evolution of the vorticity field in associa-

tion with the MJO vortex pair may be inferred by two

different approaches. A first possibility may be to

identify a series of pairs of global EOFs by lag correla-

tions in a similar manner as an eastward propagation is

identified by a pair of local EOFs in section 3a. However a

preliminary attempt along this line turned out to be rather

involved, because almost every global EOFmode is highly

lag correlated with multiple global EOF modes. It sug-

gests that the global system associated with the MJO

vortex pair can evolve into multiple directions rather

than a single well-defined evolution tendency.

As an alternative, a more direct approach is taken, in

which the lag-regression analysis is performed on the

global vorticity field against the local PC pair identified

as an MJO signal in section 3a by following the meth-

odology described in section 2d. The results of the lag

regression against the first and third local PCs are shown

in Figs. 7 and 8, respectively. The lag regression eluci-

dates two major processes associated with the MJO

vortex pair: (i) its eastward propagation and (ii) its in-

teraction with subtropical Rossby wave trains. These

aspects are discussed in order. The regression is also

performed separately for different seasons to examine

seasonality. For tracing the propagation of the Rossby

wave energy, the wave activity flux (section 2e) is also

superposed on those regression maps.

1) EASTWARD PROPAGATION

Over an initiation phase, the cyclonic pair is gradually

replaced over the Indian Ocean by an anticyclonic

pair as seen in the regression against the first local PC

(Figs. 7a–d). Once the MJO vortex pair is locally estab-

lished, it begins to propagate eastward. Unfortunately, a

FIG. 6. The (a) seventh and (b) fourth global EOFs patterns

(31026 s21), representing the highest correlations with the two

locally identifiedMJOmodes—the first and third, respectively. The

fractional contribution of each EOF is marked at the upper right of

each panel. Superposed are wave activity flux vectors (m2 s22) with

the reference vector shown in the lower left of each panel.

FIG. 5. The correlation coefficients of the first (red solid) and third

(blue dashed) local PCs with the first 30 global PCs.
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direct inspection of the regression maps with the first local

PC (Figs. 7e,f) does not reveal this tendency clear enough.

This tendency is slightly clearer with the regression against

the third local PC (Figs. 8b–d), but not much better.

For depicting the eastward propagation of the MJO

vortex pair better, Fig. 9 presents the two time–longitude

sections based on lag regressions of the global vorticity

field against the first and the third local PCs. The re-

gressed vorticity field is averaged over 158S–158N, flip-

ping the sign for the values in the Southern Hemisphere.

The regression against the first local PC in Fig. 9a shows

that the vortex pair over the Indian Ocean (centered

FIG. 7. Lag-regression maps of the vorticity (31026 s21) against the first local PC at lags (a)220 to (h) 15 days

with a 5-day interval. The lag (days) is marked at the upper right of each panel. Here, only the values above the 99%

confidence level are shown. Wave activity flux vectors (m2 s22) are further superposed, as in Fig. 6.
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around 608E), marked by a negative anomaly, tends to

propagate eastward albeit in association with a drastic

decrease of its amplitude after 10 days. The regres-

sion against the third local PC in Fig. 9b depicts the

eastward-propagation tendency of the vortex pair

clearer than the regression against the first PC. How-

ever, an overall amplitude of the variability associated

with the third local PC is relatively weak: the scale range

used in Fig. 9b is half of that in Fig. 9a. In this case, the

vortex-pair amplitude enhances as it propagates from

the Indian Ocean to the western Pacific, though the

signal decreases after crossing the date line.

The eastward propagation of the vortex pair has differ-

ent features in different seasons (Fig. 10). The eastward

FIG. 8. As in Fig. 7, but against the third local PC from lags (a) 215 to (h) 20 days.

1794 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 76



propagation is most extended longitudinally in DJF

(Fig. 10a): the propagation begins at 608E and ends near

1508Win a continuousmanner and with a large amplitude.

The eastward propagation is fastest from the IndianOcean

to the western Pacific in MAM (Fig. 10b), but the propa-

gation is terminated at 1508E. The cycle is also the shortest
in MAM. The eastward propagation in SON (Fig. 10d) is

overall similar to that in MAM, but is slightly slower. In

JJA (Fig. 10c), no eastward propagation from the Indian

Ocean to the western Pacific is seen, but a signal propa-

gates westward from the IndianOcean.On the other hand,

the eastward propagation over the Pacific is most distin-

guished among the four seasons. This is somehow consis-

tent with Fig. 3 of Zhang and Dong (2004), in which the

spectral power of the MJO-related low-level zonal wind

and precipitation is strongest over 1208–1508E in JJA.

A failure to capture an eastward propagation in JJA

reflects a lack of MJO signal over the Indian Ocean in

this season (cf. Salby andHendon 1994). It is well known

that the tropical intraseasonal variability during the

Northern Hemisphere summer over the Indian Ocean is

dominated by a northward-propagating mode. In earlier

studies this mode is referred to as Yasunari waves

(Yasunari 1979, 1980, 1981). Jiang et al. (2004) retermed

this mode as boreal summer intraseasonal variability

(BSISO).We have verified that indeed the vorticity field

also propagates northward associated with convective

variability in JJA.

2) INTERACTION WITH ROSSBY WAVE TRAINS IN

HIGHER LATITUDES

It has been speculated (Gustafson and Weare 2004;

Ray and Zhang 2010; Ray and Li 2013) that the ar-

rival of Rossby wave trains from higher latitudes to the

Indian Ocean triggers an MJO. For delineating this pro-

cess, the time–latitude sections from the same regressions

are presented in the following. Here, the longitudinal

range for the time–latitude sections are shifted with

latitude by closely following the tendency of the Rossby

wave trains propagating eastward as they propagate

latitudinally. Note that the Rossby wave train transports

the energy, and we trace this process by following an

evolution of a high-amplitude region, albeit its sign may

change over energy propagation.

Figure 11 shows time–latitude sections of regressions

against the first local PC constructed over the Indian

Ocean. The tilted longitudinal band marked by the two

red lines in Fig. 11a is adopted by following the south-

ward propagation of Rossby wave trains as seen in

Fig. 6a. For the whole year (Fig. 11b), equatorward

propagation of Rossby wave trains from higher latitudes

to the Indian Ocean before the active phase of the MJO

is suggested by the high wave activity centered at 258N
with a positive anomaly with a lag of 215 days. This

tendency is most prominent in DJF (Fig. 11c) and to a

lesser extent in MAM (Fig. 11d). The equatorward

propagation of wave activity from higher latitudes to the

Indian Ocean is less evident in JJA (Fig. 11e) and SON

(Fig. 11f). Figure 11 further suggests that the positive

vorticity anomaly originally identified at 258N with a

lag of 215 days continues to propagate southward by

crossing the equator. This tendency is already evident

for both the whole year (Fig. 11b) as well as in DJF

(Fig. 11c), but most prominent during MAM (Fig. 11d).

In this manner, these section plots suggest that a

Rossby wave train arrives at the Indian Ocean from a

European region.

Although much less clear than the time–latitude sec-

tions (Fig. 11), lagged snapshots by regression against

the first PC (Fig. 12) may trace the evolution of the

vorticity field associated with the latitudinal Rossby

FIG. 9. Time–longitude sections of the lag-regressed vorticity

(31026 s21) against the local (a) first and (b) third PCs. The re-

gressed vorticity is averaged between 158S and 158N with the sign

flipped for the Southern Hemisphere. Only values above the 99%

confidence level are shown.
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wave train propagation: the beginning of its equatorward

propagation may be identified by a negative anomaly

centered around 458N, 208E with a lag of 220 days

(Fig. 12a). The wave amplifies as its energy propagates

southeastward (but changing the sign of the vorticity). The

highest energy amplitude is identified at 208N, 508E with

a lag of 212 days (Fig. 12b), and the center of the wave

activity moves to the right at the equator, as identified by

a well-defined equatorially trapped vortex pair, with a lag

of 26 days (Fig. 12c), corresponding to an MJO.

The southward energy propagation of the Rossby

wave activity is further quantified by superposing the

wave activity flux (section 2e). Expected southward

energy flux associated with the southward propagation of

the Rossby wave train is relatively weak. Nevertheless, a

southward wave activity flux over 208–308E at 308N at the

lag 220 days in DJF (Fig. 12a) suggests wave energy

propagation from a European area farther north. This

flux appears to enhance the positive anomaly centered

to 208N, 308E at the lag 212 days. From there, the en-

ergy propagation brunches out to the east along the

westerly jet (cf. Fig. 13a), and to the south along East

Africa. The latter appears to further induce a negative

vorticity anomaly to the equator at the lag 26 days,

which finally constitutes a part of the MJO vortex pair

that propagates eastward.

FIG. 10. Time–longitude sections of the lag-regressed vorticity (31026 s21) against the third local PC for the

four seasons: (a) DJF, (b) MAM, (c) JJA, and (d) SON. The regressed vorticity is averaged between 158S and 158N
with the sign flipped for the Southern Hemisphere. Only values above the 99% confidence level are shown.
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Prior to the maximum phase of the MJO vortex pair

over the Indian Ocean in DJF (Figs. 12a–c), the most

noticeable is eastward wave activity flux along 208N,

which moves the positive vorticity anomaly centered

around 308–908E at the lag220 days eastward with time,

and the same anomaly is found over the northern Pacific

at the lag 0 days. A negative anomaly to the north in the

pair also follows this propagation tendency, although the

energy flux tendency is less clear for this northern

counterpart. The eastward propagation of the wave

energy identified here can be attributed to a strong

westerly jet dominated over this region during DJF, as

seen in Fig. 13a. This interpretation is supported by the

fact that the eastward wave activity flux is no longer seen

when the contribution of the background zonal wind is

excluded in its evaluation.

As the MJO vortex pair established over the Indian

Ocean at the lag 26 days, the southward energy flux

begins to enhance and to cross the equator (Figs. 12d–f).

At the same time, the poleward energy flux to its east

side (608–908E) is also noted, contributing to poleward

expansion of this vortex pair with time (Figs. 12d,e). The

northward energy flux from the negative vorticity

anomaly associated with theMJO vortex pair appears to

contribute to an enhancement of a positive anomaly

immediately north over central Asia. On the other hand,

the southern counterpart of the MJO vortex pair

somehow begins to weaken after the lag 13 days. As a

result, a vortex pair in the Northern Hemisphere over

central Asia is identified at the lag 19 days (Fig. 12f) in

place of the original MJO vortex pair. The northward

energy flux associated with the central Asian vortex pair

appears to further enhance an already established

vortex pair over the northern Pacific (Figs. 12d,e).

A similar process is also found during MAM (Fig. 14),

but with some differences.Wave activities arriving at the

Indian Ocean from the north are weaker. Formation of

the wave train crossing the equator farther southward is

equally noticed. Establishment of the vortex pair over

the northern Pacific is equally remarked, although its

formation process appears to be more involved. The

eastward propagation of energy along the positive

anomaly along 208 at lags 220 to 214 days still stands

out, and it is again attributed to a strong westerly jet over

this area (Fig. 13b). Though the signals are even weaker,

we note a similar tendency in the regression for the

whole year in Fig. 7.

The behavior of the MJO vortex pair over the Pacific

Ocean is examined by slanted time–latitude sections of

the regression against the third local PC (Fig. 15). Here,

the longitudinal range for the analysis is marked by the

two red lines as functions of latitude in Fig. 15a. The

slant is defined in such a manner that the high-vorticity

activities seen over the tropical western Pacific to the

northern Pacific (cf. Fig. 6b) are covered well over the

analysis domain. Sections are taken for the whole year

(Fig. 15b), as well as for the four seasons separately

FIG. 11. Slanted time–latitude sections of the lag-regressed vor-

ticity (31026 s21) against the first local PC. (a) The longitude range

is marked by the red lines. The regression is for (b) the whole year,

(c) DJF, (d) MAM, (e) JJA, and (f) SON. Only values above the

99% confidence level are shown.
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(Figs. 15c–f). Unlike the analysis over the Indian Ocean,

the slanted time–latitude sections over the PacificOcean

does not represent any clear sign of the latitudinal

propagation of the wave activities. Rather, a vortex-

train structure over the Pacific, already identified in

Fig. 6b, is simultaneously generated over the latitudinal

band from 408S to 508N. This tendency is most evident

for the whole year (Fig. 15a) as well as for MAM

(Fig. 15d). In DJF (Fig. 15c) and JJA (Fig. 15e), though

we notice some propagation tendencies, it is hard to

interpret with mixtures of the tendencies for both

northward and southward propagations.

These latitudinal propagations of the Rossby wave

activity, furthermore, appear to link the eastward propa-

gation of the MJO vortex pair along the equator with the

slow eastward-propagating Rossby waves in midlatitudes,

as already remarked in examining Fig. 12. This tendency

is more explicitly seen in time–longitude sections of the

regression against the third local PC for the whole year

as well as for separate seasons in Fig. 16. The regressed

field is averaged over 208–358N in Figs. 16a–e: the vor-

ticity signal with wavenumber 1 is circulating around the

globe relatively continuously. The period is about

50 days both for the annual average and for DJF and

MAM, whereas the propagation speed doubles for JJA

and SON. The same plots are also repeated for the av-

erage over 208–358S (Fig. 16f–j): similar propagating

features are identified as theNorthernHemisphere as an

approximate mirror image, although these features are

less obvious in direct inspections of the regressions

maps. Note that these signals are relatively weak (the

amplitude of 1026 s21) in the standard of the midlatitudes.

FIG. 12. Lag-regression maps of vorticity (31026 s21) against the first local PC for DJF. The lag (days) is marked

at the upper right of each panel. Values are shown only if the regression is statistically significant at the 99% level.

The wave activity flux vectors (m2 s22) are superposed, with the reference vector shown in the lower left of

each panel.
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These waves are likely to correspond to a tail of the

spectral signal of the planetary Rossby waves peaked at

the 16-day period as identified by Madden (1978).

d. Vertical structure

Finally, we examine the vertical structure of the MJO

vortex pair extracted by the local EOF analysis. For this

purpose, the three-dimensional vorticity field is regressed

against the first and the third local PCs [based on Eq. (4)].

The height–latitude section of the regressed vorticity field

against the first PC at 558E is shown in Fig. 17a and

against the third PC at 1308E in Fig. 17b. As seen in both

figures, these two EOF modes are confined to the upper

troposphere over 80–300hPa. Recall that the dipolar

signal with the third EOF is weaker than that of the first

EOF (cf. Fig. 1). This fact is also reflected upon the two

vertical sections herein. The vortex pair over the Indian

Ocean (Fig. 17a) changes the sign of the vorticity below

400hPa. On the other hand, over the western Pacific

(Fig. 17b), the vortex pair remains the same sign almost

down to the surface.

The height–longitude sections of the regressed vor-

ticity field averaged between 158S and 158N with first

and third PCs, shown in Figs. 17c and 17d, respectively,

represent westward tilts with height, with a stronger tilt

for the vortex pair over the Indian Ocean (Fig. 17c).

Under the regression against the third PC (Fig. 17d), a

vertically homogeneous cyclonic pair is identified from

the surface to 300 hPa, with about a 10-km depth. This

structure is consistent with a potential vorticity (PV)

field found by Zhang and Ling (2012, their Figs. 5 and 8):

during an active phase of the MJO, the PV is cyclonic in

the mid- and lower troposphere, but becomes anticy-

clonic with higher amplitudes in the upper troposphere.

They also found that the upper-PV center is to the east

of the lower-PV center, being consistent with our result

here. A tropospheric cyclonic vortex pair identified here

corresponds well to the modon solution in an equivalent

barotropic system considered by Yano and Tribbia

(2017, cf. their Figs. 2 and 4).

Evolution of this equivalent barotropic structure is

further delineated by the height–longitude sections re-

gressed against the third PC from lags 215 to 15 days

(Fig. 18).With lag215 days, before the active phase, the

lower-troposphere western Pacific is dominated by an-

ticyclonic vorticities. With lag 25 days, as the 150-hPa

vortex pair propagates from the Indian Ocean to the

western Pacific, the equivalent barotropic structure is

formed over the Indian Ocean (608–908E), reaching the

300-hPa height. With lag15 days, as the 150-hPa vortex

pair arrives at the western Pacific, the equivalent baro-

tropic structure is stretched upward and reaches the

200-hPa level at 908E.With lag115 days, the equivalent

barotropic structure propagates farther eastward, as the

150-hPa vortex pair reaches the date line.

The 850-hPa vorticity field is also regressed against

the third PC with lags 215 to 115 days (Fig. 19). With

lag 215 days, an anticyclonic vortex pair is seen at

850 hPa over the western Pacific, as the cyclonic vortex

pair is in a dry decaying phase at 150 hPa.As the 150-hPa

anticyclonic vortex pair is formed over the Indian

Ocean, the corresponding signal at 850 hPa is rather

weak, but from lag 25 to 115 days, the 850-hPa-level

cyclonic vortex pair gradually develops and propagates

eastward from the Indian Ocean to the western Pacific.

As a whole, the 850-hPa vortex pair is less organized

and tends to be larger than the 150-hPa vortex pair.

An important parameter left undetermined in Yano

and Tribbia (2017) is the equivalent height of the MJO

vortex. Here, a vertical normal mode analysis (Kasahara

and Puri 1981; Fulton and Schubert 1985) is performed

for its determination. The analysis involves two steps.

First, a set of vertical normal modes is defined under a

given vertical temperature profile. Second, the decompo-

sition is actually applied to the vorticity field with a set of

vertical normal modes obtained at the first step.

FIG. 13. The seasonally averaged climatological 150-hPa zonal

wind (m s21) in (a) DJF and (b) MAM.
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A vertical temperature profile required for the first

step is defined as an average over the analysis period and

over the same domain as for the local analysis in section

3a. This temperature profile is used for evaluating the

background static stability as a function of height, a key

parameter that is required in solving a differential equation

for defining the vertical normal modes. For this purpose,

the top of the atmosphere is placed at 0hPa by setting its

temperature value equal to that at 10hPa. The first step

is completed by solving a differential equation that con-

stitutes a Sturm–Liouville problem to obtain the first

40 vertical normal modes (eigenfunctions) and the cor-

responding equivalent heights as eigenvalues.

The meridionally averaged vorticity in Fig. 17d is

then decomposed by these 40 normal modes, and the

40 corresponding expansion coefficients are obtained.

The squares of the obtained expansion coefficients are

plotted as a function of longitude and equivalent height

in Fig. 20: the equivalent barotropic mode with the

largest available equivalent height of 10263.8m contributes

the most to the vertical structure. This result is consistent

with a theoretical result by Yano and Tribbia (2017),

suggesting a preferred equivalent depth of about 10km.

4. Discussion and summary

a. General discussion

The 150-hPa vortex-pair structure depicted by the

present analysis is fairly comparable to an idealized

structure proposed under the modon theory by Yano

and Tribbia (2017). Its longitudinal extent is much closer

than most of the previous OLR-based analyses to the

theoretically expected value of 3000km. The latitudinal

extent confined to 208S–208N is also consistent with their

theory. This result is contrasted with the composite

structure depicted by Hendon and Salby (1994): the

vortex scale obtained is much larger (with a longitudinal

extent of 708) due to a heavy spatial filtering applied in

FIG. 14. As in Fig. 12, but for MAM.
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their analysis. Knutson andWeickmann (1987), Rui and

Wang (1990), Kiladis et al. (2005), and Adames and

Wallace (2014) have also identified dipolar-vortex

structures associated with MJO, however with various

FIG. 15. Slanted time–latitude sections of the lag-regressed vor-

ticity (31026 s21) against the third local PC. (a) The longitude

range is marked by the red lines. The regression is for (b) the whole

year, (c) DJF, (d) MAM, (e) JJA, and (f) SON. Only values above

the 99% confidence level are shown. FIG. 16. Time–longitude sections of the lag-regressed vorticity

(31026 s21) against the third local PC for (a),(f) the whole year,

(b),(g) DJF, (c),(g) MAM, (d),(i) JJA, and (e),(j) SON, averaged

over (a)–(e) 208–358N and (f)–(j) 208–358S. Only values above the

99% confidence level are shown.
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discrepancies with the modon theory. For example,

Kiladis et al.’s is too split away from the equator and still

too large in horizontal scale in spite of filtering less than

Hendon and Salby (1994). The one identified by

Adames and Wallace (2014) is slightly smaller in the

horizontal scale, but still suffers from the split of the

vortex pair away from the equator. These differences in

structures are most likely because they use convective

activity and related variables as a reference for a com-

position: the vorticity structure is somehow ‘‘diluted’’ as

a result.

Interactions of the MJO with the higher-latitude dy-

namics, as elucidated by the present study, have also

been already suggested by various earlier studies. Ray

et al. (2009), Zhao et al. (2013), Ray and Li (2013), and

Vitart and Jung (2010) suggested an importance of the

latitudinal lateral-boundary forcing for simulating the

MJO. The present study has more explicitly elucidated

the process of Rossby wave trains propagating into

the Indian Ocean before an active phase of the MJO

by focusing our analysis to the vorticity field at the

150-hPa level.

However, the interactions of theMJO vortex pair with

the higher-latitude dynamics turn out to be more com-

plex. It is commonly believed that the convective ac-

tivity over the tropical western Pacific is a source for the

teleconnection pattern stretched from the tropical

western Pacific to North America [the so-called Pacific–

North American pattern (PNA); cf. Branstator 2014].

It is reasonable to speculate that the MJO is a major

such convective source, as suggested by Liebmann

and Hartmann (1984), Knutson andWeickmann (1987),

FIG. 17. Height–latitude sections of the simultaneously regressed vorticity (31026 s21) against (a) the first

local PC at 558E and (b) the third local PC at 1308E. Height–longitude sections averaged between 158S and 158N, with

the sign flipped for the Southern Hemisphere, against the (c) first and (d) third local PCs. Only values above the

99% confidence level are shown.
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Matthews et al. (2004), and Kim et al. (2006) from data

analysis. The quadrupole vortex structure consisting of

the MJO vortex pair over the western Pacific and an-

other vortex pair over the northern Pacific identified as a

global MJO mode by our EOF analysis (Fig. 6b) appear

to support this view. A similar structure is also identified

by Adames and Wallace (2014).

Our time–latitude section analysis (Fig. 15) reveals

that these two vortex pairs are spontaneously generated

rather than the MJO vortex being preceded by the

northern Pacific pair. Our lagged regression analyses

(Figs. 12 and 14) suggest that the PNA pattern, or

blocking, as represented by the northern Pacific vortex

pair, is rather originated from wave activity associated

with theMJO over the IndianOcean.Mori andWatanabe

(2008) also suggest the same by tracingRossby wave trains

along PNA backward.

The equivalent barotropic structure of the MJO

vortex pair identified by the present study is also a

good support of the modon theory based on the equiva-

lent barotropic quasigeostrophic system proposed by

FIG. 18. Height–longitude sections of the regressed vorticity field

(31026 s21), averaged between 158S and 158N, with the sign flipped

for the Southern Hemisphere, against the third PC for lags (a)215

to (d) 15 days with a 10-day interval. Only values above the 99%

confidence level are shown.

FIG. 19. Regression maps of the vorticity field (31026 s21)

against the third PC at 850 hPa for lags (a)215 to (d)115 days with

a 10-day interval. Only values above the 99% confidence level

are shown.
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Yano and Tribbia (2017). This finding is also consistent

with some previous observational analyses (e.g., Yano

et al. 2009; Holloway et al. 2013; Zhang and Ling 2012;
�Zagar and Franzke 2015). However, unfortunately, this

is against a common notion supported by more standard

composite analyses, which shows the MJO dominated

by the first baroclinic structure (e.g., Hendon and Salby

1994; Kiladis et al. 2005). This contradiction is still left to

be resolved by a future study.

b. Analysis domain

The present study has focused on the region from the

Indian Ocean to the western Pacific, and the process of

continuous propagation of the MJO mode crossing the

date line eastward has not been considered. Although

the original study by Madden and Julian (1972) identi-

fied the MJO as a global mode, as the analysis by Milliff

and Madden (1996) shows, the continuous mode prop-

agating eastward beyond the date line is clearly identified

as a free Kelvin wave. Thus, we better interpret that the

main activity of theMJO is confined to the region over the

Indian Ocean and the western Pacific. The study has also

focused on the intraseasonal scales, and the role of higher-

frequency Rossby waves (cf. Matthews and Kiladis 1999),

for example, are not considered herein.

c. The MJO vortex pair as a convectively forced
entity?

The basic premise of the present study is to interpret

the MJO vortex pair primarily as a nonlinear free

Rossby wave. On the other hand, the observed vortex

pair associated with MJO is commonly considered a

direct consequence of convection.

The best-known classical approach for describing

the response of the large-scale tropical atmosphere to

convective heating is to take Gill’s (1980) model: it

creates a nice dipolar vortex, akin to those identified by

EOFs in the present study.However, it is often forgotten

that Gill’s model is unrealistic, not because of a linear

assumption, but crucially, by assuming an unrealistically

strong damping rate for both the heat and themomentum

equations, as explicitly pointed out in the introduction of

Lindzen and Nigam (1987). Once these unrealistically

strong dampings are relaxed, the vorticity response is

much elongated in longitude, and no longer as compact

as observationally identified in the present study.

Monteiro et al. (2014) investigate this issue more

carefully: they still take a shallow-water system as the

case of Gill (1980), but under a fully nonlinear formu-

lation with a more realistic boundary layer parameteri-

zation. Their result is intriguing in the sense that the

generated vortex pair is more separated away from the

equator compared to the equatorially trapped vortex

pair observationally identified. This discrepancy sug-

gests that the vortex pair identified in the present study

is likely not properly explained by convective heating

centered on the equator. The vortex pair observationally

identified by Adames and Wallace (2014) is also split

away from the equator, presumably because of the di-

vergent field used for regression. This result is also

consistent with the interpretation just stated.

d. Summary

Yano and Tribbia (2017) proposed that the strongly

nonlinear free-modon solution (Tribbia 1984; Verkley

1984) explains a slow eastward propagation of the MJO.

They found that the phase speed of the most stable so-

lution of the Rossby vortex pair is 8–18m s21 with a

horizontal scale of 3000km. However, the identified

horizontal scale is rather small compared to previous

observational studies by, for example, Hendon and

Salby (1994), Kiladis et al. (2005), and Adames and

Wallace (2014) taking a convective field or a divergent

field as a reference variable for identifying the MJO. In

the present study, on the other hand, we have sought to

identify the MJO directly in the vorticity field. The

150-hPa pressure level is chosen primarily for the anal-

ysis, because such a dipolar-vortex structure is most

easily visually identified at this level, as shown in Fig. 1

of Yano and Tribbia (2017). For isolating the MJO sig-

nal, the annual cycle and the first three subharmonics

are removed, and a 20–200-day bandpass filter is sub-

sequently applied to the vorticity field, by following

Matthews (2000). The EOF analysis is then performed

on the 150-hPa tropical vorticity field over the Eastern

Hemisphere. The two EOF patterns (Figs. 1a,c) are

identified as a pair of MJO signals, which constitute an

eastward-propagating modon-like vortex pair along the

FIG. 20. Expansion coefficients squared (310213 s22), obtained

by decomposing the vorticity field in Fig. 17d to the first 40 vertical

normal modes.
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equator. The vortex pair is well trapped within 208S and

208Nand has a longitudinal span of about 4500–6000 km,

closer thanmost of the previous studies to the horizontal

scale predicted by Yano and Tribbia (2017).

The identified vortex pair is shown to be related to the

MJO convective activity by performing a regression

analysis against the OLR. The distinguished nature of

the vortex pair identified by the present study may be

emphasized compared to those found by earlier studies

by Hendon and Salby (1994), Rui and Wang (1990),

Kiladis et al. (2005), and Adames and Wallace (2014): it

is well trapped to the equator and more compact in its

longitudinal extent. Its vertical structure is also consis-

tent with the theory that the equivalent height of a

dominant mode is about 10 km.

The identified EOF pair is further used for investi-

gating the evolution of the global vorticity field. Some

evidence of the interaction of the MJO vortex pair with

the subtropical and extratropical Rossby waves are

found. The corresponding global EOF patterns with the

local EOF pair are identified by searching the best cor-

relations of these two local EOF time series with a whole

set of global EOF time series. Identified extratropical

structures include a pronounced vortex pair over the

North Pacific and a Rossby wave train along a great

circle path in the Southern Hemisphere. The evolution

of the global vorticity field is further examined by lag

regressions. A structure suggesting Rossby wave trains

arriving at the Indian Ocean from the Northern Hemi-

sphere to ‘‘trigger’’ the MJO, as suggested by Hsu et al.

(1990), Gustafson and Weare (2004), Ray and Zhang

(2010), Ray and Li (2013), and Zhao et al. (2013), is

identified. The wave activity flux analysis, however,

suggests a more complex picture for the whole process.

As the vortex pair forms in the Indian Ocean and

propagates toward the western Pacific, wave–vortex

trains are emitted poleward, which propagate eastward

around the zonal circle near 308N and 308S in about

50 days (cf. Madden 1978). The seasonal characters of

the evolution of the global vorticity field and the eastward

propagation of the MJO vortex pair are also investigated,

with the weakest signal occurring in summer (JJA).

Many of the features delineated by the present anal-

ysis may already be identified by earlier studies to some

extent. However, the main innovation of the present

study is to show that it is possible to identify an

eastward-propagating feature associated with the MJO

by taking the vorticity as a reference variable. The

analysis is not without further advantages: it has shown

the interactions of the MJO vortex pair with higher-

latitude vorticity variabilities, through the Rossby wave

trains, much more vividly than previous studies. The

present study suggests that the MJO is under more

active interactions with the higher-latitude Rossby wave

dynamics than previously thought. It may even turn out

that the MJO may better be understood as a product of

interactions with these Rossby waves rather than rela-

tively isolated tropical phenomena. In this respect, the

modon theory proposed by Yano and Tribbia (2017)

may best be considered a highly idealized picture of a

full complexity of the MJO. Such a full picture will

emerge only by further investigation. Reznik and Zeitlin

(2007, 2009) perform theoretical investigations toward

this direction, and we expect more theoretical and ob-

servational studies will follow.
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