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Abstract The boreal-summer MJOs exhibit three distinc-
tive downstream evolutions on their passages over the Mari-
time Continent (MC): (i) smoothly transitioning from Indian
Ocean (I0) to western Pacific (type-I); (ii) rapidly decayed
over the MC (type-II); and (iii) significantly intensified over
the MC (type-III). During the life cycles of type-I and -III
MJOs, basin-wide overturning circulations connect the con-
vective dipoles between western and eastern north Pacific.
For type-II MJO, regional overturning circulations connect
the convective dipoles between the 10 and Western North
Pacific (WNP). For type-I and -IIT MJOs, the associated
convection over eastern IO is able to generate strong Kevin-
wave responses and significant positive SST anomalies over
the MC and western Pacific. On the other hand, for type-II
MJO in the IO, a persistent convection lingers around the
WNP. It intensifies westerly monsoon flows, thus preventing
the generation of coherent positive SST anomalies ahead
of the IO MJO convection. It also blocks the formation of
a robust Kelvin-wave response over the MC and western
Pacific by delaying the northeastward migrations of the dry
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phase. The convection of type-I and -III MJOs at eastern
IO is able to generate positive boundary-layer moisture
anomalies along with positive column-integrated moisture
tendencies over the MC and western Pacific, thus allowing
them to propagate eastward smoothly. On the other hand, the
type-II MJO convection in eastern 10 is associated with a
very dry troposphere and negative column-integrated mois-
ture tendency over western Pacific, which result in the rapid
decay of convection over the MC. These results emphasize
the important roles of robust Kelvin-wave responses and
positive SST anomalies on the eastward propagation of
boreal-summer MJOs over the MC through moistening the
troposphere ahead of the convection.

Keywords Madden—Julian Oscillation in Boreal
Summer - Three distinctive types - Maritime Continent

1 Introduction

The Madden—Julian Oscillation (MJO) was discovered
more than four decades ago by Madden and Julian (1971,
1972). With very limited observations from sparse tropi-
cal islands, amazingly, Madden and Julian were able to
depict the essence of the MJO as a year-around global-scale
slow eastward-propagating convection-circulation couplet.
Around the same time, intra-seasonal oscillation (ISO) was
independently found in Asian summer monsoon region (e.g.,
Krishnamurti and Bhalme 1976; Murakami 1976; Yasunari
1979, 1980). Julian and Madden (1981) postulated that the
ISO observed in Asian monsoon region is a portion of the
global equatorial oscillation discovered by Madden and
Julian (1971, 1972).

Using the data collected from the First Global Atmos-
pheric Research Program Global Experiment (FGGE) in
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1979 and the regional Monsoon Experiment (MONEX)
during boreal-summer (May—August), Lorenc (1984) and
Krishnamurti et al. (1985) showed that an intraseasonal
planetary-scale divergent wave (i.e., 200-hPa velocity poten-
tial and sea-level-pressure: SLP) traverses around the globe
eastward year-around. During boreal summer, the planetary-
scale wave appears to modulate the monsoon activity with
upper-level divergence (convergence) in association with
monsoon active (suppressed) phase. The regional high-res-
olution MONEX data further revealed that the active (sup-
pressed) monsoon in South Asia results from northward-
propagating trough (ridge) from the equatorial Indian Ocean.
Krishnamurti et al. (1988) also documented the coherent
intraseasonal fluctuations of sea surface temperature (SST)
and surface heat fluxes and suggested the potential impor-
tance of air-sea coupling on MJO dynamics and postulated
that “a combination of atmospheric internal instabilities
and external SST forcing on intra-seasonal time scales may
enhance the atmospheric responses towards an eventual sat-
isfactory simulation of intra-seasonal oscillation”.

Using 7 years’ outgoing longwave radiation (OLR) from
1975 to 1982, Lau and Chan (1985, 1986) showed that the
intraseasonal eastward-propagating MJO along the equator
appears to be present year-around. The northward-propagat-
ing ISO in Asian summer monsoon region arises from the
interaction between eastward-propagating MJO and mon-
soon circulations. Knutson et al. (1986) with 9 years’” OLR
and 250-mb zonal winds (1975-1983) further confirmed Lau
and Chan’s findings. Using 6 years’ OLR, 850- and 250-
hPa winds, Knutson and Weickmann (1987) constructed the
composite MJO life cycles in boreal-summer (May—October)
and boreal winter (November—April), separately. They found
that large-scale (wavenumber one) tropical divergent over-
turning circulations propagate eastward around the globe
year-around. The area of upper-level divergence well cor-
responds to the area of organized convection. During boreal
summer, the fluctuations of the ISO convection over Asian
summer monsoon and Eastern North Pacific (ENP) regions
are strongly modulated by global eastward-propagating
MJO. These results tend to support the hypothesis of Julian
and Madden (1981) that monsoon ISO might be a regional
manifestation of eastward-propagating planetary-scale MJO.
Different from boreal winter, the convection body of boreal-
summer MJO has a dominant northwestward slant structure
in Asian-Pacific sector, which is also known as Boreal-Sum-
mer Intraseasonal Oscillation (BSISO, Wang and Xie 1997;
Lee et al. 2013; Kikuchi et al. 2012; Adames et al. 2016).

On the other hand, Wang and Rui (1990) found that
about half of northward-propagating monsoon ISO events
over Indian-western Pacific sector have no robust equato-
rial eastward-propagating components associated, which
are called independent northward-propagating ISOs. In
addition, northwestward-propagating ISO disturbances are
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also observed over Asian summer monsoon region (e.g.,
Murakami 1980; Krishnamurti et al. 1985; Lau and Chan
1986; Wang and Rui 1990; Zhu and Wang 1993). Lawrence
and Webster (2002) further examined the relationships
between the northward-propagating ISOs and equatorial
eastward-propagating MJOs during boreal summer. They
found that about 78% northward-propagating ISOs are asso-
ciated with an equatorial eastward-propagating MJO, while
the remaining 22% are independent northward-propagating
events. This significant percentage reduction of independent
northward-propagating events compared to what was found
in Wang and Rui (1990) has been attributed to different
definitions used in these two studies. Wang and Rui (1990)
counted those northward-propagating events with equatorial
eastward convective signals weakened over the MC but re-
intensified over western Pacific as independent northward-
propagating events. A unanswered question remains: what
are the major physical processes distinguishing the inde-
pendent northward-propagating events from those associated
with an equatorial eastward-propagating MJO.

Those boreal-summer MJO events that are able to propa-
gate over the MC strongly modulate tropical cyclone activi-
ties in the Western North Pacific (WNP), ENP, Gulf of Mex-
ico, and Atlantic Main Development regions (e.g., Liebmann
et al. 1994; Maloney and Hartmann 2000; Barrett and Leslie
2009; Klotzbach 2010; Schreck and Molinari 2011; Ventrice
et al. 2011), thus offering an excellent predictability source
for the extended-range forecasts of tropical cyclone activi-
ties in these basins. It is also well-known that present-day
weather and climate models still have tremendous difficulties
to propagate model MJO through the MC, which has been
termed as “MC Prediction Barrier” (MCPB) problem (Vitart
et al. 2007; Fu et al. 2013). Therefore, the understanding of
those processes that promote or halt Indian Ocean MJO to
propagate over the MC will not only advance our knowledge,
but also shed light on the ways to improve model representa-
tions of MJO propagations and the extended-range forecasts
of downstream impacts of the MJO.

The damping effects of the MC on approaching MJO
have long been recognized (Wang and Rui 1990; Nitta et al.
1992), probably through orographic blocking (Inness and
Slingo 2006), the suppression of effective air-sea interac-
tions (Zhang and Hendon 1997), and dissipation of moist
static energy by rigorous diurnal cycles in association with
land-sea and mountain-valley breezes over this region (Oh
et al. 2013). Although the MC poses as a hostile region
for eastward-propagating MJOs, many of them survive
the MC and propagate into western Pacific (Wang and Rui
1990; Matthews 2008; Kim et al. 2014; Feng et al. 2015).
Some even intensify on their passages over the MC (Hirata
et al. 2013; Kiladis et al. 2014). The coherent positive SST
anomaly (e.g., Krishnamurti et al. 1988; Hirata et al. 2013),
orographically-induced PBL convergence (e.g., Hsu and Lee
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Table 1 monthly distributions May June July August September October Total
of three MJO types
Type-I 14 (6) 10 (5) 503) 4(3) 8(8) 63) 47 (28)
Type-11 2(1) 3(2) 44 5(2) 3(0) 44 21 (13)
Type-1IT 1(0) 2(2) 4 (1) 303 3(2) 3(1) 16 (9)
Total 17 (7) 15(9) 13 (8) 12 (8) 14 (10) 13 (8) 84 (50)

The numbers outside (in) the brackets are from 21-year OLR (12-year TRMM precipitation)

2005) and preconditioning from a robust dry phase (e.g.,
Kim et al. 2014) over the MC and western Pacific are viewed
as major factors that favor Indian Ocean MJO to propagate
into western Pacific.

Almost all previous studies targeting the MJO-MC
interactions focus on boreal winter (e.g., Hsu and Lee
2005; Inness and Slingo 2006; Oh et al. 2013; Hirata et al.
2013; Feng et al. 2015) or mix the boreal winter and sum-
mer together (e.g., Kim et al. 2014). The boreal-summer
MIJO-MC interactions remain unknown. Hirata et al. (2013)
revealed that during boreal winter there are three distinc-
tive MJO types with different downstream evolutions after
reaching the MC: (i), smoothly transitioning into western
Pacific; (ii), rapidly decayed over the MC; and (iii), sig-
nificantly intensified eastward. The present study aims to
investigate the boreal-summer MJO-MC interactions by
answering following questions: are there three distinctive
MIJO types in boreal summer as in boreal winter? If so, what
are the major features of different MJO types, including their
downstream impacts over the ENP and Atlantic basin? What
are the major physical processes generating different MJO
types? Are there robust precursors for different MJO types?

The remaining part of this article is organized as follows.
In Sect. 2, we present the procedure and method used to sep-
arate all boreal-summer MJO events into different catego-
ries based on their downstream evolutions after reaching the
MC. Section 3 explores the precursory signals and diverse
downstream impacts of different MJO types as well as docu-
ments the physical processes that distinguish each type of
the MJOs. Finally, discussions and concluding remarks are
given in Sect. 4.

2 Definition of different MJO types

The datasets used in this study include 21-year (from 1990
to 2010) NOAA OLR (Liebmann and Smith 1996) and
NCEP Climate Forecast System Reanalysis (CFSR, Saha
et al. 2010) as well as 12-year (from 1999 to 2010) TRMM
precipitation (Huffman et al. 2007) and TMI SST (Wentz
et al. 2000). In order to extract intraseasonal signals, three
steps are taken. First, we obtain daily anomalies by remov-
ing annual cycle and interannual variability. The annual
cycle is derived as 21(12)-year means of OLR (TRMM

precipitation) for each calendar day and the interannual
variability is obtained from 121-day running means of the
annual-cycle-removed time series. Second, high-frequency
weather is removed by taking 5-day running mean of the
resultant time series. Third, Lanczos filter (Duchon 1979) is
applied to extract 20-90-day intraseasonal variability.

In order to separate boreal-summer MJOs into different
types, we basically follow the procedure used by Hirata et al.
(2013). The 21-year intraseasonal OLR anomaly is averaged
between 5°S and 15°N, instead of between 5°S and 5°N used
in Hirata et al. (2013) for boreal-winter, to reflect the shift of
intra-seasonal convective centers into Northern Hemisphere
during boreal summer. Next, EOF analysis is carried out for
the equatorially-averaged time series of the filtered OLR
anomalies. The first two EOF modes explain more than 50%
of total intra-seasonal variance and are well separated from
other higher order modes. The EOF1 manifests as a dipole
structure with positive and negative OLR anomalies, respec-
tively, over Indian and western Pacific Oceans, whereas the
EOF2 shows a dominant positive OLR anomaly over the
MC as in Hirata et al. (2013). Three MJO types are then
defined based on the relationships between the EOF1 and
EOF?2 principal components (PC1, PC2). Type-I represents
those events with a minimum PC1 smaller than — 1 standard
deviation (day O for composite) followed by a minimum PC2
smaller than — 1 standard deviation within 25 days. Type-II
has a minimum PC1 smaller than — 1 standard deviation (day
0 for composite) but not the follow-up PC2. Type-III has a
minimum PC2 smaller than — 1 standard deviation (day 0 for
composite) but not the preceding PC1. In a similar fashion,
three boreal-summer MJO types are also derived with the
12-year TRMM precipitation.

3 Physical processes governing three MJO types
3.1 Three different MJO types in boreal summer

With the procedure given in Sect. 2, a total of 84 (50) boreal-
summer MJO events have been identified from 21-year OLR
(12-year TRMM precipitation). Among them, 47 (28) are
type-1, 21 (13) are type-II, and remaining 16 (9) are type-
III. The monthly distributions of three MJO types during
boreal summer are given in Table 1. Except the type-1 MJO
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Fig. 1 Composite time-longitude sections of observed OLR (upper
panels, CI: 3 W m™2) and TRMM precipitation (lower-panels, CI:
1 mm day™!) anomalies averaged between 5°S and 15°N for east-
ward-propagating MJO events (type-1, a, d), eastward-decaying MJO
events (type-IL, b, e), and eastward-intensifying MJO events (type-III,

that favors early summer months (MJ), the other two types
are nearly uniformly distributed in entire summer period.
The composite dynamical and thermo-dynamical fields in
association with three MJO types are constructed and the
essential physical processes distinguishing them are inves-
tigated. Student t test (Brown and Hall 1999) has been used
to evaluate the statistical significances of all composites.
Figure 1 shows the composite life cycles of three MJO
types with OLR and TRMM anomalies averaged between
5°S and 15°N. The convective signals of three MJO types
have distinctive downstream evolutions over the MC. For
the type-I (Fig. la, d), the MJO convection initiated in
western Indian Ocean rapidly intensifies on the way east-
ward. Once reaching the MC, the associated convection
weakens due to the damping effect of the MC (e.g., Inness
and Slingo 2006; Kodama et al. 2006), but still retains
significant amplitude when slowly propagating over the
MC, which re-intensifies after entering western Pacific.
As expected, type-I MJO represents the canonical MJO
depicted in many previous studies (e.g., Madden and
Julian 1972; Lau and Chan 1986; Knutson and Weickmann
1987; Matthews 2000) or propagating MJO in recent two
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¢, f). Regions statistically significant above the 5% level are shaded
and drawn with thick contours, whereas with thin contours for areas
above the 25%. The two vertical solid lines in green highlight the
Maritime Continent from Sumatra islands to Philippine island chains

papers (Kim et al. 2014; Feng et al. 2015). For the type-1I
(Fig. 1b, e), the MJO convective signal is robust in Indian
Ocean, but almost completely dies out once reaching the
MC. Our type-II composite is similar to the non-propa-
gating MJO of Kim et al. (2014) and Feng et al. (2015) in
terms of the rapid decay of convection over the MC, but
also significantly different from them in terms of the dry
phase over western Pacific. For our type-II composite, a
significant dry phase presents in western Pacific, but not
in the composites of Kim et al. (2014) and Feng et al.
(2015). The lack of a robust dry phase in western Pacific
has been attributed as the key reason for rapid MJO decay
over the MC by Kim et al. (2014), whereas Feng et al.
(2015) showed that this is not necessarily the case. The
differences between our composites and their composites
may be due to the different seasons concerned and/or dif-
ferent selection criteria used. The composites of Kim et al.
(2014) mixed the cases of winter and summer together,
while Feng et al. (2015) only considered very strong cases
in winter. For the type-III (Fig. 1c, f), a weak MJO initiates
over Indian Ocean, which gains significant strength after
crossing the MC and entering western Pacific. It further



Three different downstream fates of the boreal-summer MJOs on their passages over the Maritime...

30

201

=101

(¢) OLR=III—1I

-30
30

Time (days)

201

—10] I}

Fig. 2 Differences of composite OLR (upper panels, CI: 3 W m™)
and TRMM precipitation (lower-panels, CI: 1 mm day~!) anomalies
averaged between 5°S and 15°N between type-I and type-II events (a,
d), type-III and type-I events (b, e), and type-III and type-II events

propagates through the Pacific and Atlantic basins and
tends to re-initiate in Indian Ocean.

Figure 2 shows the differences among the three-type MJO
composites. Compared to type-I1, type-I is significantly drier
over western Pacific before Indian Ocean convection mov-
ing into Pacific (Fig. 2a, d). The convection of type-I is also
significantly stronger than that of type-II in particular over
western Pacific around + 10 days. The type-III is signifi-
cantly different from both the type-I (Fig. 2b, e) and type-II
(Fig. 2c, f) especially the associated convection over western
Pacific, which is much stronger than that over Indian Ocean.
This result further corroborates that the three different MJO
types identified in this study are robust and have distinctive
convection features during their passages over the MC.

Four typical examples of each MJO type are given in
Fig. 3. For both type-I and type-II MJOs, the eastward-prop-
agating organized convection seems interfered by westward-
propagating dry spells. When the eastward-propagating
convection overcomes the westward-propagating dry phase,
the eastward-propagating convection prevails (left panels of
Fig. 3), thus resulting in a smooth MJO propagation from
Indian Ocean to western Pacific. When the eastward con-
vection subdues to the westward dry tendency (in particular

60E 80E 100E 120E 140E 160E 180 160W 140W BOE BOE 100E 120E 140FE 160E 180 160W 140W 60E BOE 100E 120E 14DE 160E 180 16OW 140W

(c, ). Regions statistically significant above the 5% level are shaded
and drawn with thick contours, whereas with thin contours for areas
above the 25%. The two vertical solid lines in green highlight the
Maritime Continent from Sumatra islands to Philippine island chains

Fig. 3e—g), the MJO convective signals rapidly decay over
the MC region. The potential role of a westward-propagat-
ing dry phase on halting the eastward-propagating MJO has
been suggested by Zhu and Wang (1993), Roundy and Frank
(2004), and Feng et al. (2015). For type-III MJOs, the con-
vective signals are generally weak and less organized over
Indian Ocean, but are significantly intensified after crossing
the MC and entering western Pacific.

As mentioned before, most boreal-summer equatorial
eastward-propagating MJOs are associated with northward-
propagating monsoon ISOs (e.g., Krishnamurti et al. 1985;
Lau and Chan 1986; Knutson et al. 1986; Wang and Rui
1990; Lawrence and Webster 2002). In this study, although
our primary focus is to understand the diverse eastward-
propagating boreal-summer MJOs, it is worthwhile to look
at the associated northward-propagating ISOs. Figure 4
gives the northward-propagating convective signals in
association with three MJO types, respectively, over Indian
and western Pacific sectors. For type-I MJO, the associ-
ated northward-propagating convection is very robust in
both Indian (Fig. 4a, b) and western Pacific (Fig. 4c, d) sec-
tors. While the composite northward-propagating convec-
tion over Indian sector is sandwiched between two robust
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Fig. 3 Time-longitude sections of OLR anomalies (shading) and
wavenumber-frequency projected MJO anomalies (contours, CI:
10 W m~2) averaged between 5°S and 15°N for four eastward-propa-
gating MJO events (type-I, a—d), four eastward-decaying MJO events

northward-propagating dry phases (Fig. 4a, b), the dry
phase preceding the convection over western Pacific is much
stronger than the one after (Fig. 4c, d). For type-I1I MJO,
the associated northward-propagating convection is only
robust over Indian sector (Fig. 4e, f), but not over western
Pacific (Fig. 4g, h). In this sense, type-II MJO resembles the
so-called independent northward-propagating ISOs docu-
mented in Wang and Rui (1990) and Lawrence and Webster
(2002). The diminished northward-propagating convection
over western Pacific (Fig. 4g, h) coincides with an equatori-
ally-trapped dry phase in Indian Ocean (Fig. 4e, f). For type-
III MJO, the northward-propagating convection is weak yet
apparent over Indian sector (Fig. 41, j), followed by a much
stronger northward-propagating dry phase and the onset of
another wet phase as seen in Fig. Ic, f. Over western Pacific,
the corresponding northward-propagating convection is
stronger than that over Indian sector (Fig. 4k, 1). The above
analysis indicates that the northward-propagating ISOs in
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(type-1I, e-h), and four eastward-intensifying MJO events (type-III,
i-1). The two vertical solid lines in green highlight the Maritime Con-
tinent from Sumatra islands to Philippine island chains

both the type-I and type-III (63 cases in total) have apparent
eastward-propagating MJOs associated, while the type-II (21
cases) resembles the independent northward-propagating
ISOs. This result suggests that about 75% northward-prop-
agating ISOs are apparently associated with eastward-prop-
agating MJOs while the remaining 25% resemble the inde-
pendent northward-propagating ISOs. This partitioning ratio
between the independent northward-propagating ISOs and
those associated with apparent eastward-propagating MJOs
is closer to the finding of Lawrence and Webster (2002) than
that of Wang and Rui (1990).

Different MJO types also show different precursory sig-
nals and downstream impacts over Western Hemisphere.
Figure 5 gives the composite life cycles of 200-hPa velocity
potential (VP200 hereafter) and vertical shear of zonal winds
(200-850-hPa, U200-U850 hereafter) along with the con-
vection of three MJO types averaged over (5°S—15°N). The
developments of both type-I and type-II MJO convection in
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Fig. 4 Composite latitude-time sections of OLR (first and third rows,
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CI: 1 mm day™!) anomalies associated with eastward-propagating
MIJO events (left column, type-I), eastward-decaying MJO events
(middle column, type-II), and eastward-intensifying MJO events

Indian Ocean seem coincident with the arrivals of strong
circumnavigating upper-level divergent signals (VP200 <0,
Fig. 5a, c), which originates in western Pacific about 30 days
before. This upper-level divergence, however, is strongest
over eastern (western) Pacific in association with enhanced
local convection for type-I (-II) MJOs (Fig. 5a, c). The dif-
ferent intensifying locations of precedent VP200 signals may
serve as extended-range precursors for these two MJO types.
The potentially essential physical processes through which
these precursory signals can lead to different MJO types are
further investigated in next Sect. (3.2).

Both type-I and type-III MJOs exert robust downstream
impacts over the WNP, ENP, and Atlantic basins during
their active and precedent suppressed phases (Fig. 5a, b,
e, f). In association with the precedent suppressed phases,

(right column, type-III), respectively, over Indian sector (two upper
panels, 60°E-100°E) and western Pacific sector (two lower panels,
120°E-160°E). Regions statistically significant above the 5% level are
shaded and drawn with thick contours, whereas with thin contours for
areas above the 25%

coherent upper-level convergence anomalies (VP200 > 0)
and westerly vertical shear (U200-U850 > 0) systemati-
cally move downstream followed with upper-level diver-
gence and easterly vertical shear anomalies in association
with the MJO active phases (Fig. 5a, b, e, f). In contrast to
type-I and type-III MJOs, the convective signal of type-
IT MJO exerts little downstream impacts in Pacific and
Atlantic basins (Fig. 5c, d). The upper-level convergence
anomaly associated with the precedent suppressed phase
of type-1I MJO (Fig. 5¢) is even stronger than that associ-
ated with type-I MJO over western Pacific, but weakens
rapidly on its way eastward, so does the associated west-
erly vertical shear (Fig. 5d). During the active phase, the
upper-level divergence and easterly vertical shear anoma-
lies of type-II MJO are largely stalled in western MC as
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Fig. 5 Composite time-longi-
tude sections of OLR anomalies
(shading) overlaid with 200-hPa
velocity potential anomalies
(contours, CI: 6x 10° m? s™1)
and TRMM precipitation
anomalies (shading) overlaid

with (200-850-hPa) zonal wind

shear (contours, CI: 1 m s™")
averaged between 5°S and 15°N
for eastward-propagating MJO

events (a, b, type-I), eastward-
decaying MJO events (c, d
type-II), and eastward-intensify-
ing MJO events (e, f, type-11II).

Thick and thin contours are
regions with statistically signifi-
cant levels above the 5 and 25%

Time (days)

(f) TRMM—IIl

(=

0 20E 40E

the convection (Fig. 5c, d). These results indicate that
not all boreal-summer MJO events initiated in western
Indian Ocean will have robust downstream impacts in the
WNP, ENP, and Atlantic basins and the intensity of MJO
over Indian Ocean is not necessarily a good indicator of
its downstream impacts. Therefore, in order to provide
accurate extended-range forecasts of individual MJOs’
impacts on the tropical cyclone activities over the WNP,
ENP and Atlantic basins, it is essential to understand the
physical processes that distinguish three MJO types and
to improve the representations of these processes in state-
of-the-art weather and climate models.
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3.2 Major physical processes distinguishing three MJO
types

3.2.1 A global perspective

Before we zoom into the Maritime Continent region, a broad
view of the composite spatial-temporal life cycles of three
MIJO types in terms of large-scale convection (OLR) and
upper-level divergence (VP200) anomalies over global trop-
ics (35°S—45°N) have been examined in Figs. 6, 7, and 8.
The life cycle of type-I MJO starts from a suppressed
phase over the equatorial Indian Ocean and the formation
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of an upper-level convergent center (i.e., positive VP200
center) from day — 25 (Fig. 6a) to day — 20 (Fig. 6b), which
is accompanied by slightly enhanced convection over Asian
summer monsoon trough and northern Pacific ITCZ. Along
with the continuous intensification of the dry phase and
upper-level convergence in Indian Ocean at day — 15, an
enhanced convection and upper-layer divergent center (i.e.,
negative VP200 center) emerges over the ENP (Fig. 6c¢).
Thus, a reversed anomalous Walker-type overturning cir-
culation is established with rising branch over eastern
Pacific and sinking branch over Indian Ocean. On day — 10
(Fig. 6d), the wet phase of type-I MJO initiates over the
western Indian Ocean slightly before the arrival of upper-
level divergence. Likely, the onset of type-I MJO convection
is due to the low-level convergence driven by atmospheric
subsidence in association with the dry phase over Indian
Ocean and the MC (Wang et al. 2005). The arrival of upper-
level divergence may contribute to the development of MJO
convection (Roundy 2014). Along with the intensification
and eastward shift of convection over tropical Indian Ocean,
the precedent dry phase moves northward and eastward to
form a tilted dry belt extending from Indian peninsula to
equatorial western Pacific (Fig. 6e, f). At the same time,
the upper-level divergent and convergent centers, respec-
tively, moves to the tropical Indian Ocean and WNP to form
a strong cross-South-China-Sea (SCS) northeast-southwest
overturning cell.! The steady eastward propagation of upper-
level convergence from western Pacific to eastern Pacific
and northeastward movement of the convection in Indo-
western Pacific sector eventually lead to an enhanced cross-
Pacific east-west cell® with its sinking branch in the ENP
and rising branch over the MC region (Fig. 6g, h). In the
following two pentads (Fig. 6i, j), a dry phase is formed and
gradually intensified over the tropical Indian Ocean along
with the wet phase moving northeastward. An overturning
cell with its ascending branch over the WNP and sinking
branch over tropical Indian Ocean is thus established. Dur-
ing the life cycle of type-I MJO, the associated large-scale
overturning circulations alternatively dominate with cross-
Pacific east—west cells (e.g., Fig. 6d, h) and cross-SCS north-
east—southwest cells (e.g., Fig. 6f, j).

For type-II MJO (Fig. 7), the initiation and intensifica-
tion of a suppressed phase over Indian Ocean at day — 25,
—20, and — 15 (Fig. 7a—c) are accompanied with a persis-
tent wet phase over the WNP. The associated overturning
circulation primarily resides in Indo-western Pacific sector

! The cross-SCS northeast-southwest cell manifests as VP200 and
convection dipoles with two obvious out-of-phase centers, respec-
tively, in the tropical Indian Ocean and western north Pacific.

2 The cross-Pacific east-west cell manifests as VP200 and convection
dipoles with two obvious out-of-phase centers, respectively, in the
Indo-MC-western Pacific region and eastern north Pacific.
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with a cross-SCS northeast-southwest cell without a robust
cross-Pacific east—west cell as seen in type-I MJO (Fig. 6b,
c). The onset of the wet phase over western Indian Ocean at
day — 10 (Fig. 7d) is likely due to the dry phase over north-
ern Indian Ocean and the MC as for type-I MJO (Fig. 6d).
When the convection intensifies and moves toward the MC
during day — 5 and 0, the precedent dry phase also intensifies
and moves into western Pacific (Fig. 7e, f). During next two
pentads (day +5 and + 10 in Fig. 7g, h), the dry phase over
the WNP decays locally instead of propagating eastward to
the ENP. The wet phase over Indian Ocean also dissipates
rapidly over the MC. During the life cycle of type-1I MJO,
the associated large-scale overturning circulation dominates
with a cross-SCS northeast-southwest cell. The persistent
wet phase over the WNP preceding and during the onset of
type-II MJO convection (Fig. 7a—d) and the lack of a robust
cross-Pacific east—west overturning cell are two robust fea-
tures different from type-I MJO and may be responsible for
the rapid decay of type-II MJOs during their passages over
the MC. The associated physical processes will be further
investigated in following sections.

For type-IIT MJO (Fig. 8), during day —25, —20, and
— 15, a weak dry phase develops in the equatorial Indian
Ocean (Fig. 8a) and moves northeastward (Fig. 8b, c). Dur-
ing the same period, a modest convection develops over the
ENP and Central America collocating with an upper-level
divergent center. In the wake of the eastward-moving dry
phase, a weak convective signal of type-III MJO starts to
form over South Africa (Fig. 8c). On day — 10 (Fig. 8d), the
convection and upper-level divergence shift eastward and
intensify over Indian Ocean. At the same time, the preced-
ing dry phase and upper-level convergence gradually move
from the WNP to ENP. The convection at next pentad (at day
—5 in Fig. 8e) intensifies rapidly and a robust anomalous
Walker-type circulation is established with a rising branch
over western Pacific and a sinking branch over the ENP.
At day 0, along with the intensified convection over west-
ern Pacific, a dry phase starts to form over the equatorial
Indian Ocean (Fig. 8f). During next two pentads (day +5 and
+10), the wet phase in western Pacific gradually decays and
moves to eastern Pacific (Fig. 8g, h). On day + 15 and +20, a
reversed Walker-type circulation is established with a rising
branch over the ENP and a sinking branch over Indo-west-
ern Pacific (Fig. 81, j). The life cycle of type-1II MJO, thus,
dominates with a cross-Pacific east—-west overturning cell.

The above results demonstrate that three boreal-summer
MJO types have distinctive large-scale overturning circula-
tions in association with their life cycles. For type-I MJO,
a cross-Pacific east-west cell and a cross-SCS northeast-
southwest cell dominate alternatively. For type-1I MJO, only
a cross-SCS northeast-southwest cell is the dominant over-
turning circulation. For type-III MJO, only a cross-Pacific
east—west cell is the dominant overturning circulation. The
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underlying physical processes that lead to the formations of
different overturning-circulation regimes and their roles on
determining MJO types deserve further study.

3.2.2 A regional perspective

In this section, we zoom into the Indo-MC-western Pacific
sector and focus on the preconditioning and transitioning
periods during MJO passages over the MC. Previous stud-
ies have identified three processes as potentially important
factors governing the downstream evolutions of the MJO.
They are positive SST anomalies ahead of MJO convection
(e.g., Krishnamurti et al. 1988; Hirata et al. 2013), low-level
convergence arising from the interactions between the MC
orography and easterly anomalies resulting from Kelvin-
wave response to Indian Ocean convection (Hsu and Lee
2005), and a robust dry phase over the MC and western
Pacific (Kim et al. 2014). These processes and their potential
influences on three MJO types are examined in this section.

Figure 9 shows the composite convection and SST anom-
alies in association with the passages of three MJO types
over the MC. For type-I and type-II MJOs, we focus on day
—5 and 0. For type-IITI MJO, the focus is on day — 10 and
—5. To ensure the robustness of our results, the composites
with 12-year TRMM precipitation and TMI SST as well as
21-year NOAA OLR and CFSR SST are examined together.
On day — 5, both type-I and type-II composites have a MJO
wet phase over Indian Ocean and a tilted dry belt extend-
ing from the Arabian Sea, Indian Peninsula, and Bay-of-
Bengal all the way to the SCS, and equatorial western Pacific
(Fig. 8a, c, e, g). Along with the dry zone, a band of coher-
ent positive SST anomalies forms over the northern Indian
Ocean, SCS, and WNP for type-I MJO (Fig. 9a, c), while
the positive SST anomalies for type-II MJO are basically
limited to northern Indian Ocean (Fig. 9e, g). Although a
small patch of positive SST anomaly appears in the northern
marginal sea of New Guinea in CFSR (Fig. 9g), no apparent
signal emerges in TMI SST (Fig. 9¢). On day O of type-I
MJO (Fig. 9b, d), significant positive SST anomalies have
been established over the Bay of Bengal, SCS, and equato-
rial western Pacific, thus providing a favorable condition
for the northward propagation of equatorial convection in
Indian Ocean and its eastward movement over the MC (Fu
and Wang 2004; Wang et al. 2005, 2006). For type-II MJO
at day O (Fig. 9f, h), robust positive SST anomalies only
present over the Arabian Sea and Bay of Bengal along with
weak positive SST anomalies scattering over the MC mar-
ginal seas. This spatial distribution of SST anomalies favors
the northward propagation of type-II MJO over Indian sector
(Fig. 4e, f) but not the eastward propagation over the MC
(Fig. 1b, e). For type-III MJO, the period from day — 10 to
— 5 represents the rapid transitioning of MJO-related con-
vection from eastern Indian Ocean to the MC and equatorial

western Pacific (Fig. 8d, e). In response to the subsidence
over northern Indian Ocean, the MC, and western Pacific
during day —20 and — 15 (Fig. 8b, c), weak yet coherent
positive SST anomalies form in the above regions (Fig. 9i,
k), which may not play an essential role, but indeed provide
a favorable condition for the intensification of convection
over the MC and western Pacific (Fig. 9j, 1).

The low-level (850-hPa) divergence and horizontal wind
anomalies along with SLP anomalies in association with
three MJO types during their preconditioning and transi-
tioning over the MC are, respectively, given in Figs. 10, 11,
12 and 13. The target period is from day — 10 to day + 5 for
type-I (Fig. 10) and type-II (Fig. 11) MJOs, but from day
— 15 to 0 for type-IIT MJO (Fig. 12). For type-1 MJO on day
— 10, an anti-cyclonic circulation (Fig. 10a) and an anom-
alous high (Fig. 13a) present over northern Indian Ocean
along with a tilted dry zone. The westerly wind anomalies
near the dateline (Fig. 10a) and positive SLP anomalies over
the equatorial Pacific (Fig. 13a) signify a Kelvin-wave-like
response to the dry phase over Indo-MC-western Pacific
sector. The easterly anomaly over northern Indian Ocean
weakens mean monsoon westerly, thus, reducing evaporation
there. Along with the enhanced solar radiation, significant
positive SST anomalies are produced over northern Indian
Ocean and underneath the tilted dry zone (Fig. 9a, c¢). At
next pentad (day —5), the MJO convection over the equa-
torial Indian Ocean grows rapidly with its front reaching
western MC (Fig. 10b). Easterly anomalies in front of the
convection extend all the way from the equatorial western
Pacific, SCS, to the Bay of Bengal and Arabian Sea as a
response to the eastward expansion of negative SLP anoma-
lies along the equator and intensified positive SLP anomaly
over the northern SCS and WNP (Fig. 13b). The resultant
decrease of surface evaporation and increase of solar radia-
tion further amplify the positive SST anomalies in above
regions (Fig. 9b).

During next two pentads (day 0 and +5) of type-1 MJO
(Figs. 13c, d, 10c, d), a Kelvin-wave-like negative SLP
tongue in response to the MJO convection over Indian Ocean
smoothly propagates over the MC and enters the equato-
rial Pacific replacing the decayed positive SLP anomaly in
association with the precedent dry phase (Fig. 13c, d), very
similar to the scenario documented in Matthews (2000).
At the same time (Fig. 10c, d), the dry phase over western
Pacific shrinks and moves to the northern SCS and WNP.
The easterly anomalies as partly forced by the positive SLP
anomalies over the SCS and WNP and partly by a Kelvin-
wave-like response are significantly strengthened over the
equatorial western Pacific. The interactions between the
enhanced easterly anomalies and MC terrains lead to strong
surface convergence (Hsu and Lee 2005), which precon-
ditions the lower troposphere over the MC and provides a
favorable condition for the smooth transitioning of Indian
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«Fig. 9 Composite spatial-temporal evolutions of convection (pre-
cipitation and OLR, shading are regions with statistically significant
level above the 5%) and SST (thick and thin contours are for signifi-
cant levels above the 5 and 25%, CI: 0.05 °C) anomalies during the
passages of three MJO types over the MC: TRMM precipitation and
TMI SST at day a —5 and b O for type-I; OLR and CFSR SST at day
¢ —5 and d O for type-I; TRMM precipitation and TMI SST at day e
—5 and f O for type-1I; OLR and CFSR SST at day g —5 and h 0 for
type-1I; TRMM precipitation and TMI SST at day i — 10 and j — 5 for
type-1II; OLR and CFSR SST at day k — 10 and 1 — 5 for type-III

Ocean MJO convection cross the MC and entering the equa-
torial western Pacific.

For type-I1 MJO on day — 10 (Figs. 11a, 13e), westerly
anomalies instead of easterly anomalies prevail over the
northern Bay of Bengal, SCS, and WNP as a response to a
deep trough over the WNP (Fig. 13e). The westerly anoma-
lies enhance mean monsoon flows, thus increasing upward
surface latent heat flux. The opposite effects of surface latent
heat flux and solar radiation in this case result in negligi-
ble positive SST anomalies over the dry zone (Fig. 9e, g).

However, over most northern Indian Ocean, where positive
SST anomalies develop from the enhanced solar radiation
and reduced evaporation due to anomalous easterly acting on
mean westerly flows. On day —5 (Figs. 11b, 13f), the MJO
convection over Indian Ocean intensifies and moves close
to western MC while the convection and associated negative
SLP anomaly over the WNP weaken and move northward.
The easterly anomalies in Indian Ocean also move north-
ward to the Arabian Sea and Bay of Bengal, so does the
positive SST anomalies (Fig. 9f, h). Weak easterly anoma-
lies also start to form over the southern SCS and northern
marginal sea of New Guinea, leading to the development of
weak positive SST anomalies there (Fig. 9f, h).

During the next two pentads (day 0 and +5) of type-
IT MJO (Figs. 13g, h, 11c, d), the positive SLP anomalies
over the equatorial Pacific and WNP as a response to the
strong dry phase in the WNP block the Indian Ocean MJO
convection to generate a robust Kelvin-wave-like response
in the equatorial Pacific (Fig. 13g, h). Therefore, no equato-
rial symmetric easterly presents over the MC and western
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Fig. 10 Composite spatial-temporal evolutions of OLR (shading are
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vergence (thick and thin contours are for significant levels above the

5 and 25%, CI: 4x 1077 s~!) and wind anomalies (vectors are regions
with statistically significant level above the 5%) during the passage of
type-I MJO over the MC atday a — 10, b —5,cOand d+5
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Fig. 11 Composite spatial-temporal evolutions of OLR (shading are
regions with statistically significant level above the 5%), surface con-
vergence (thick and thin contours are for significant levels above the

Pacific (Fig. 11c, d) as in type-I MJO (Fig. 10c, d). Instead,
the easterly anomaly in western Pacific for type-II MJO is
largely confined in Northern Hemisphere (Fig. 11c, d) as a
response to the strong positive SLP anomalies over the SCS
and WNP. The small positive SST (Fig. 9e, f, g, h) and weak
easterly wind anomalies around the MC and western Pacific
lead to insufficient preconditioning of the lower troposphere
over the MC and western Pacific, which eventually results
in the rapid decay of Indian Ocean MJO convection over the
MC. This non-propagating MJO scenario in boreal summer
is quite different from the scenario depicted in Kim et al.
(2014), who mixed the cases year-around together and found
that a robust precedent dry phase over western Pacific favors
the eastward propagation of Indian Ocean MJO convection.
Our results suggest the opposite for the boreal summer: The
strong precedent dry phase over western Pacific leads to
stalled MJO convection in Indian Ocean through inhibit-
ing the formation of a robust Kelvin-wave-like response to
Indian Ocean MJO convection over the MC and equatorial
western Pacific.

@ Springer

5 and 25%, CI: 4x 1077 s™!) and wind anomalies (vectors are regions
with statistically significant level above the 5%) during the passage of
type-II MJO over the MC at day a — 10, b —5,c 0O and d+5

For type-IIT MJO (Fig. 12), the evolutions in Pacific
sector are very similar to the type-I (Fig. 10), but with
much weaker perturbations in Indian sector. On day — 15
(Figs. 12a, 13i), coherent dry phase and positive SLP anom-
alies present over the northern Indian Ocean and western
Pacific similar to type-I MJO (e.g., Fig. 13a, i) but with a
weaker amplitude. Also in a similar fashion, easterly anoma-
lies are generated over the northern Indian Ocean, SCS, and
equatorial western Pacific, which in turn establishes coher-
ent positive SST anomaly over the above regions (Fig. 9i,
k). At next pentad (day — 10, Figs. 12b, 13j), the dry phase
over the MC and western Pacific decays rapidly. The associ-
ated positive SLP anomaly also moves eastward into eastern
Pacific quickly (Fig. 131, j). At the same time, weak convec-
tion presents over the MC. In next two pentads (day —5 and
0 in Figs. 13k, 1, 12c¢, d), a Kelvin-wave-like negative SLP
tongue as a response to MJO convection around the MC is
considerably amplified over the equatorial Pacific on its way
eastward (Fig. 13k, 1), which leads to a rapid intensifica-
tion of the MJO convection in western Pacific (Fig. 12c, d).
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Fig. 12 Composite spatial-temporal evolutions of OLR (shading are
regions with statistically significant level above the 5%), surface con-
vergence (thick and thin contours are for significant levels above the

Likely, the convection amplification over western Pacific is
also related to the formation of an enhanced Walker-type
circulation over the tropical Pacific as illustrated in Fig. 8e, f.

With a regional perspective, the convection of type-I and
type-III MJOs over eastern Indian Ocean and the MC is able
to force robust Kelvin-wave-like SLP and wind responses
and coherent positive SST anomalies over the MC and
western Pacific. These two synchronized factors along with
the enhanced Pacific basin-wide Walker-type circulations
(Figs. 6g, h, 8e, f) overcome the MC barrier and smoothly
propagate the MJO convection into western Pacific. On the
other hand, the persistent WNP convection that co-exists
with type-II MJO likely plays an essential role to stall the
MJO-related convection in Indian Ocean through a chain of
processes. It blocks the smooth northward movement of the
dry phase over the MC and western Pacific, thus inhibiting
the formations of coherent positive SST anomalies and a
robust Kelvin-wave-like response in the above regions, at the
same time, failing to establish a robust Pacific basin-wide
Walker-type cell over the equatorial Pacific. These results

5 and 25%, CI: 4x 1077 s™!) and wind anomalies (vectors are regions
with statistically significant level above the 5%) during the passage of
type-III MJO over the MC atday a —15,b — 10, ¢ —5and d 0

suggest that if the MJO convection in Indian Ocean can’t
create favorable downstream responses over the MC and
tropical Pacific, it becomes vulnerable to the hostile environ-
ments around the MC and subject to rapid decay during its
passage over the MC. In general, this scenario substantiates
the finding of Stachnik et al. (2015), who also emphasized
that the downstream responses of the MJO largely determine
its own fate.

3.2.3 Vertical moisture structures near the Maritime
Continent

In order to further understand the moist processes that dis-
tinguish the downstream evolutions of three MJO types over
the MC, Fig. 14 gives the vertical structures of moisture
anomalies, their tendencies and associated budget terms
(Yanai et al. 1973) when the composite MJO convection
reaches western MC at day O for type-I and type-II MJOs,
and day — 10 for type-III MJO (e.g., see Figs. 10c, 11c, 12b).
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«Fig. 13 Composite spatial-temporal evolutions of OLR (shading are
regions with statistically significant level above the 5%) and sea level
pressure (thick and thin contours are for significant levels above the
5 and 25%); [contour levels (+): 5, 10, 20, 30, 40, 60, 80, 100 Pa]
anomalies during the passages of three MJO types over the MC: the
type-I at day a —10, b —5, ¢ 0 and d+5; the type-II at day e — 10, f
—5,g0and h+5; the type-Ill atdayi — 15, j — 10,k —5,10

For type-I (Fig. 14a) and type-1II MJOs (Fig. 14c), posi-
tive moisture anomalies develop in the lower troposphere
over the MC and boundary-layer over western Pacific. Posi-
tive moisture tendencies also dominate in the entire tropo-
sphere over the MC and western Pacific. On the other hand,
for type-II MJO (Fig. 14b), significant negative moisture
anomalies due to strong subsidence (Fig. 7f) still occu-
pies the entire troposphere over western Pacific. Although
positive moisture tendency appears in the troposphere over
the MC and boundary layer over western Pacific, negative

moisture tendency prevails in the troposphere over western
Pacific.

The apparent moisture sources (the reversed apparent
moisture sinks, Fig. 14d—f) are positive over the MC and
western Pacific in all three cases likely due to the evapo-
ration of cloud liquid water (Yanai et al. 1973; DeMott
et al. 2014) and the detrainments of cloud water from shal-
low cumulus and congestus (Johnson et al. 1999). Around
100°E and 120°E (Fig. 14g-i), the easterly wind anomalies
(Figs. 10c, 11c, 12b) as Kevin-wave-like responses to Indian
Ocean MJO convection and also as driven by the positive
SLP anomaly over the WNP (Fig. 13c, g, j) interact with
Sumatra islands and Philippine island chain to force vigor-
ous upward moisture advection (Hsu and Lee 2005). Hori-
zontal advections also tend to moisten the boundary layer
and troposphere over the MC and western Pacific for all
three MJO types (Fig. 14j-1).

[ (b)
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Fig. 14 Composite vertical structures of moisture anomalies
(shading, g kg™') and associated budget terms (contours, unit:
1x1077 g kg™' s7!) during their passages over the Maritime Conti-
nent averaged over 5°S—10°N for three MJO types: type-I, -1I, and -III
at day O (left, middle and right column), a—¢ moisture tendency (CI:

60E  80E 100 120 140 160E 108OE B0F 100 120F

1 40E 1 60 180 60F 80F 1 OOE 1 20E 1 40F  160F 180

0.08), d—f apparent moistening source (CIL: 0.4), g-i vertical moisture
advection (CI: 0.4), and j-1 horizontal moisture advection (CIL: 0.4).
Moisture tendencies (a—c) with statistically significant levels above
the 5 and 25% are drawn in thick and thin contours
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DeMott et al. (2014) and Feng et al. (2015) have sug-
gested that positive column-integrated moisture tendency
ahead of Indian Ocean MJO convection is the key fac-
tor to ensure MJO propagation over the MC. The above
result, however, suggests that the positive moisture ten-
dency alone is not a sufficient condition. For the non-prop-
agating type-II MJO (Fig. 1b, e), there is a clear positive
column-integrated moisture tendency presenting ahead of
its Indian Ocean convection over the MC (Fig. 14b). It is
likely that the extreme mid-tropospheric dryness and nega-
tive moisture tendency over western Pacific inhibits the
further eastward propagation of type-II MJO. Our results,
however, suggest that the combination of positive bound-
ary layer moisture anomalies and column-integrated mois-
ture tendencies along with weak mid-tropospheric dryness
ahead of Indian Ocean MJO convection (Fig. 14a, c) are
key factors that ensure smooth MJO propagation over the
MC.

4 Discussions and concluding remarks

During boreal summer, in addition to the year-around east-
ward-propagating MJO, the intra-seasonal events over the
Indo-Pacific warm-pool also own a dominant northward-
propagating component, which strongly modulates Asian
summer monsoon wet and dry spells. The equatorial east-
ward-propagating MJO, on the other hand, strongly mod-
ulates tropical cyclone activities over the Indian Ocean,
WNP, ENP and Atlantic basin. Based on their downstream
fates after reaching the MC, three distinctive MJO types
are identified in this study (Figs. 1, 2): (i), the type-I
smoothly transitions over the MC from Indian Ocean to
western Pacific; (ii), the type-II has similar evolution as
the type-I over Indian Ocean but rapidly decays over the
MC; (iii), the type-III has very weak amplitude in Indian
Ocean but significantly intensifies on its passage over the
MC. Type-1, -II, and -IIT MJOs, respectively, accounts for
about 56, 25, and 19% of total boreal-summer MJO events
(Table 1).

Both type-I and type-III MJOs have strong downstream
impacts over the WNP, ENP and Atlantic basin but not type-
II MJO (Fig. 5), which has strong activity only over Indian
sector, but with negligible downstream impacts over Pacific
and Atlantic basins. Coherent northward-propagating ISOs
exist in both Indian and western Pacific sectors in asso-
ciation with both type-I and type-III eastward-propagating
MIJOs (Fig. 4). However, type-I1 MJO only has associated
robust northward-propagating ISO over Indian sector, which
resembles the independent northward-propagating monsoon
ISO in Wang and Rui (1990) and Lawrence and Webster
(2002). In this sense, about 25% of total boreal-summer MJO
events over Indo-western Pacific sector can be classified as

@ Springer

independent northward-propagating mode, while the remain-
ing 75% has robust eastward-propagating component.

Global and regional perspectives have been taken to
understand the potentially important processes that gov-
ern three MJO types. It is found that for both type-I and
III MJOs, their life cycles are associated with robust alter-
native Pacific basin-wide overturning circulations (Figs. 6,
8) but not for type-II MJO, which is dominated with
regional alternative overturning circulations between the
tropical Indian Ocean and WNP (Fig. 7). The existence of
Pacific basin-wide overturning circulations in association
with boreal-summer MJO has long been recognized (e.g.,
Krishnamurti et al. 1985; Lau and Chan 1986; Knutson et al.
1986; Rydbeck et al. 2013). As our knowledge, present study
demonstrated for the first time that if no robust Pacific basin-
wide overturning circulation can be established, boreal-sum-
mer Indian Ocean MJO events will develop a robust regional
overturning circulation across the SCS between the tropical
Indian Ocean and WNP. Why type-II MJO fails to establish
a robust Pacific basin-wide overturning circulation warrants
further diagnostic and modeling studies.

Focusing on the transitioning periods of three MJO types
over the MC, it is found that in association with the develop-
ment of type-II MJO convection in Indian Ocean, a persis-
tent convection exists over the WNP (Figs. 7c—e, 11a, b),
which is absent in type-I (Fig. 10a, b) and type-III (Fig. 12a,
b) MJOs. This persistent convection over the WNP enhances
westerly monsoon flows, thus upward latent heat flux, over
the SCS and equatorial western Pacific (Fig. 11a, b) and
inhibits the formation of robust and coherent positive SST
anomalies ahead of Indian Ocean MJO convection (Fig. 9e,
f). On the other hand, the lack of persistent convection over
the WNP in type-I and type-III MJOs allows the tilted dry
phase to generate robust positive SST anomalies ahead of
Indian Ocean MJO convection (Fig. 9a, b, i, j). The per-
sistent convection over the WNP also delays the northeast-
ward migration of the dry phase and the development of
Kelvin-wave-like responses in the equatorial Pacific region
(Fig. 13g, h), thus inhibiting the formation of robust Pacific
basin-wide overturning circulations. Present study reempha-
sizes the important role of enhanced boundary convergence
ahead of MJO convection on its smooth eastward propaga-
tion (Wang and Li 1994; Hendon and Salby 1994; Jones and
Weare 1996). It is expected that MJO convection in Indian
Ocean will emanate a low sea level pressure tongue to its
east as a Kelvin-wave response (e.g., the classic schemat-
ics of Madden and Julian 1972). The boundary-layer con-
vergence driven by the Kelvin wave will precondition the
atmosphere by transporting near surface moist air upward,
thus leading the eastward propagation of the MJO convec-
tion. This is largely the case for type-I and type-III MJOs
(Fig. 13). Present study discovers a new scenario, in which
type-II MJO convection over eastern Indian Ocean fails to
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develop a robust low sea level pressure tongue in the equa-
torial Pacific, likely due to the interference of a persistent
convection over the WNP.

Finally, the vertical moisture structures and budgets
around the MC in association with three MJO types have
been analyzed (Fig. 14). For both type-I and III MJOs, when
their convection reaches western MC, positive boundary-
layer moisture anomalies appear over the MC and western
Pacific (Fig. 14a, c). Although weak negative moisture
anomalies still present in the troposphere, column-integrated
moisture tendencies are all positive over the MC and west-
ern Pacific, which apparently favor Indian Ocean MJO con-
vection moving over the MC and entering western Pacific
(e.g., DeMott et al. 2014; Feng et al. 2015). On the other
hand, western Pacific troposphere for type-II MJO is still
very dry with negative column-integrated moisture tendency
(Fig. 14b), which indicates that when the type-II MJO con-
vection is decaying over the MC due to the hostile environ-
ment there, western Pacific is still not ready for the MJO to
move in.

In addition to the positive SST anomalies (Hirata et al.
2013) and orographically-induced surface convergence (Hsu
and Lee 2005), our study further emphasizes the impor-
tance of a robust kelvin-wave response over the equatorial
Pacific and a Pacific basin-wide overturning circulation on
the propagation of Indian Ocean MJO over the MC. During
boreal summer, the strong dryness over western Pacific in
association with type-II MJO actually hinders the eastward
propagation of Indian Ocean MJO convection rather than
favoring its eastward propagation over the MC as suggested
by Kim et al. (2014). Further studies are needed to resolve
these contradictory results in terms of the role of strong
dryness over the MC and western Pacific on the eastward
propagation of the MJO.
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