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Abstract

The moistening processes for the Madden-Julian Oscillation (MJO) over Indian

Ocean and Maritime Continent are investigated through a diagnosis of ECMWF Re-anal-

ysis (ERA-Interim) data in November-April, 1982-2011. During this period, 27 MJO

events with strong magnitude and clear propagation are identified and further classified

as either successive or primary, according to the existence of preceding events. The suc-

cessive events are analyzed in the current study, whereas the primary events will be ex-

plored individually next.

A composite of scale-separated lower-tropospheric (1000-700 hPa) moisture (qu)

budget is analyzed in four stages: suppressed, cloud developing, convective, and decaying,

each corresponding to the MJO Bimodal index phase 567, 81, 2, and 34 for Indian Ocean

and 781, 23, 4, 56 for Maritime Continent, respectively. In the suppressed stage, the dom-

inant moisture source over both region is surface evaporation/shallow convection (-Q),

which is largely balanced by vertical dry advection. The advection of mean moisture by

anomalous easterlies induced by the dry anomaly of previous events is another moistening

process destabilizing the atmosphere over 10. Nonlinear zonal (meridional) advection by

synoptic disturbances also has non-negligible contribution over 10 (MC). In the cloud

developing stage, qL approaches maximum with moistening tendency to its east. This
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moistening is contributed by the advection of mean moisture by anomalous easterlies as-

sociated with downstream Rossby wave response of the dry anomaly and boundary layer

frictional moisture convergence. In the convective stage, while the zonal advection of

anomalous westerlies and intense precipitation dries the atmosphere, the moistening of

meridional advection by downstream Rossby anti-cyclonic gyres leads to the eastward

propagation of deep convection. In the decaying stage, the strong westerlies bring in dry

air from the west causing widespread drying. Overall, the moisture evolution of MC is

consistent with 10 except meridional component is more essential in suppressed stage.

A column-integrated moist static energy (MSE) budget is also analyzed to further

identify the role of radiation and surface turbulent fluxes. The result shows that longwave

heating is the dominant term in convective stage and latent heat flux is more prominent

in decaying stage when the westerly is strong. The in-phase relation of longwave heating

with column-integrated MSE suggests that longwave heating acts to maintain MSE and

retard the propagation. Latent heat flux also slows down the propagation due to the phase

lag.

Key words: Madden-Julian Oscillation ~ tropical wave dynamics ~ moistening ~ convec-

tive-radiative feedback -~ scale separation
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Figure captions

FIG. 1. The EOF patterns of the 25-90 day filtered OLR during (a) boreal winter (DJF)
and (b) boreal summer (JJA). The number in the brackets shows the contribution of
each EOF mode to total variance. The OLR values are multiplied by one standard
deviation of the corresponding principal components to obtain the typical value
and unit (W m2) for intraseasonal 0SCIllations. ..............ccovevevrvererreeseeeeeesee s 43

FIG. 2. The composite life cycle of the MJO mode. The 20-60 day filtered OLR
(shading, W m) and horizontal wind fields at 850 hPa (vector, m sY)................. 44

FIG. 3. Asin Fig. 2, except for the BSISO MOde. ........cccooiiiiiiiniiiiieeee s 45

FIG. 4. Average number of days during which significant ISO (amplitude >1) is present
in a month. The days are normalized such that they are the ratio of the number of
days classified as the significant MJO mode (upper, blue) or significant BSISO
mode (lower, red) to the number of days during 19822011 times the number of
days in the month of COMMON YEar...........c.cceeiiiicii e 46

FIG. 5. The duration and corresponding bimodal phases for each selected MJO (blue)
and BSISO (red) event in 1982-2011. The successive (primary) events are
presented in dark (light) color. The width of the line and the font size of phase
number denote the strength of the events. The gray vertical lines mark the
transitional months, i.e., May and NOVEMDET.............cceeveiieiicie e 47

FIG. 6. (a) Hovmaller diagram of 10°S-10°N averaged, 20-60 day filtered OLR
(shading, W m) and low-level zonal winds (contours, interval of 1 m s*) for a
successive event with a 101-day period (day 0 = 50 days) from 15 February 1990
to 26 May 1990. Day 0 is defined as the day when OLR over Indian Ocean reaches
minimum. (c) The corresponding phase diagram. The first (t = -50), central (t = 0),
and last (t = 50) days are denoted by a filled circle, a filled diamond, and a filled
square, respectively. (b) and (d) are as (a) and (c), expect for a primary event with a
101-day period from 10 December 2000 to 20 March 2001. The text N denotes the
region where the amplitude is smaller than 1. See text for details. ........................ 48

FIG. 7. (a) 1000-700 hPa integrated low-frequency moisture (shading, g kg™*) and wind
fields (vector, m s*) and (b) standard deviation of 20-60 day filtered OLR

(shading, W m2) and seasonal mean precipitation (contours, mm day) during
viii
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boreal winter. The purple boxes marks the locations of four MJO activity centers in
sequence from the left side to the right: W10 (15°S-5°N, 45°E-65°E), CIO (10°S-
10°N, 70°E-90°E), MC (12.5°S-7.5°N, 100°E-155°E), and WP (12.5°S-7.5°N,
LO0PE-155%E). wviieuieiesieieieste sttt sttt sttt ne et st rera bR n e 49

FIG. 8. Composited Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered
OLR (shading, W m) and low-level zonal winds (contours, interval of 1 m s).
The purple solid (dashed) lines mark the location of OLR maximum (minimum).
The red D indicates the positive OLR anomaly associated with previous events.. 50

FIG. 9. Composited Hovmaéller diagram of 10°S-10°N averaged, 20-60 day filtered
OLR (shading, W m) and low-tropospheric moisture (contours, interval of 106 J
m2; L is absorbed into q). The purple solid (dashed) lines mark the location of
OLR maximum (MINIMUM).....ooiiiieieieese e esre e sreesre e e sreesre e sneesnas 51

FIG. 10. Composited zonal-vertical distribution of 10°S-10°N averaged, 20-60 day
filtered moisture (shading, interval of 10?2 J kg™; L is absorbed into q) in eight MJO
bimodal INAEX PRASES. .....ccueeiiiiiiieee et 52

FIG. 11. (a) Time series of 20-60 day OLR anomaly (green solid line) and low-
tropospheric moistures (blue dashed line) over Central Indian Ocean. Suppressed
(red), cloud developing (blue), convective (green), and decaying (pink) stages are
shaded. The day 0 in this figure represent the day when the OLR anomaly turns
negative. The numbers above the x axis are the corresponding MJO bimodal index
phase. (b) is as (a), expect for Maritime Continent. ............ccccoevveivevvcve i 53

FIG. 12. Vertical structure of 20-60 day filtered (a) moisture, (b) MSE, (c) pressure
velocity, and (d) zonal winds over Central Indian Ocean in four stages (suppressed
in red, cloud developing in blue dashed, convective in green, and decaying in pink
dashed). (e)-(h) are as (a)-(d), expect for Maritime Continent................cccceeveeinrene 54

FIG. 13. Composited Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered
low-tropospheric moisture budget terms (shading, W m): (a) tendency, (b) —Qz,
(c) horizontal advection, and (d) vertical advection. Budget terms are shown only
when they are statistically significant at 95% confidence level. Contoured in each
panel is low-tropospheric moisture (J m2) anomaly with interval of 108 J m. The
purple solid (dashed) lines mark the location of OLR maximum (minimum). ...... 55
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FIG. 14. As in Fig. 13, expect for (a) zonal advection and (b) meridional advection
term. Contoured in each panel is low-tropospheric moisture (J m) anomaly with
interval of 108 J m2. The purple solid (dashed) lines mark the location of OLR
MAaXiMUM (MINTMUM). . eebe s e s baeraeenaesbaensans 56

FIG. 16. As in Fig. 15, expect for Maritime Continent...........cccocevvrieniennenie e 58

FIG. 17. (a) 20-60 day filtered OLR (shading, W m2) and low-level winds (vector, m s°
1Y: Horizontal distribution of low-tropospheric moisture budget terms (shading, W
m-2) during the C10 suppressed stage: (b) w 0g/0p ~-02, (c) tendency, (d) vertical
advection, (e) horizontal advection, (f) -Q2. Contoured in each panel is the low-
tropospheric moisture (J m2) anomaly with interval of 108 J m2. (g) -u2 dql/ox ~,

(h)-v2 6q1/0y ~ and 20-60 day filtered low-level winds (vector, m s)............... 59
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FIG. 24. Horizontal distribution of column-integrated MSE budget terms (shading, W
m2) during the C1O convective stage: (a) tendency, (b) vertical advection, (c)
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1. Introduction

The Madden-Julian Oscillation is the dominant intraseasonal variability in the tropi-

cal atmosphere. It can be described as a tropical planetary-scale circulation system cou-

pled with a multi-scale convective complex and propagating eastward slowly with a rear-

ward tilted vertical structure and a mixed Kelvin-Rossby wave horizontal structure (Mad-

den and Julian 1972; Wheeler and Kiladis 1999; Wheeler et al. 2000; Kiladis et al. 2005;

Wang 2011). The planetary-scale circulation anomalies associated with the MJO signifi-

cantly modulate the tropical weather, such as monsoon onset, tropical cyclone genesis,

and ENSO development. Through tropical-extratropical teleconnections, it can influence

the mid-latitude weather as well. Therefore, understanding the dynamics of the MJO is

important for the diagnosis and prediction of global weather and climate. However, the

state-of-art general circulation models (GCMs) still simulate the MJO with an unsatisfac-

tory skill and recent studies have shown that there is a gap of 20-25 days between the

potential and practical predictability of the MJO (Kim et al. 2014; Neena et al. 2014). In

order to improve MJO simulation and advance the medium-range predictability, a better

understanding of the fundamental processes driving MJO dynamics (e.g., the slow east-

ward propagation, intraseasonal time scale, and planetary zonal scale) is required.

A variety of theories have been proposed to explain the growth and propagation

12
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mechanism of MJO. Based on their key feedback processes, they can be roughly sepa-
rated into two categories: dynamics and thermodynamics. The former explains the MJO
by forced tropical wave dynamics, whereas the latter emphasizes the role of physical pro-
cesses (e.g., moistening, surface turbulent fluxes, and radiative fluxes).

In the wave dynamics theories, the MJO is first interpreted as viscous Kelvin waves
by Chang (1977) and further elaborated by Lau and Peng (1987) as moist Kelvin-Rossby
waves with an instability arising from the interaction between convective heating and
large-scale wave motion, known as wave CISK. This convective-coupling reduces the
effective static stability and thus slows down the propagation speed of Kelvin wave (~19
m s1). The intraseasonal period of MJO is determined by the time needed for the moist
Kelvin wave to circumnavigate the globe. However, the moist Kelvin wave speed is still
significantly faster than the observed MJO propagation speed (~5 m s) and the mode is
most unstable in small wavelength, which is opposite to the planetary zonal scale of ob-
served MJO. To solve these problems, Wang and Li (1994) introduced a boundary layer
into the traditional wave-CISK model framework. The heating associated with the bound-
ary layer frictional-induced convergence (FC) ahead of the free tropospheric wave con-
vergence can couple the Kelvin and Rossby waves together and select a slow eastward
propagation with a planetary zonal scale (Wang and Chen 2016, submitted).

Recently, the second set of theories have received more attention in explaining the

13
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observed feature of MJO, such as the recharge-discharge theory (Bladé and Hartmann

1993; Hu and Randall 1994; Kemball-Cook and Weare 2001; Stephens et al. 2004; Ben-

edict and Randall 2007), the wind-evaporation feedback (Emanual 1987), the cloud-radi-

ative feedback (Hu and Randall 1994; Anderson and Kuang 2012), and the moisture mode

theory (Sobel and Maloney 2012, 2013; Adames and Kim 2016). Several observational

studies have shown that the development and propagation of MJO are closely related to

the atmospheric moisture, radiation, and surface turbulent fluxes (Sobel et al. 2014; John-

son etal. 2015; Tseng et al. 2015). The MJO simulations in some GCMs are also improved

when convection is made more sensitive to environmental moisture (Hannah and Malo-

ney 2011) and become weaker when cloud-radiative interaction is turned off (Anderson

and Kuang 2012). Since the physical processes (e.g., moistening, turbulent fluxes, and

radiation) emphasized by these theories act as the energy sources of moist static energy

(MSE) and will modulate the local convective instability, they can be all integrated into

the recharge-discharge framework. The one-dimensional modeling study of Hu and Ran-

dall (1994) has shown that the interactions among radiation, convection, and turbulent

fluxes can set up an oscillating diabatic heat source with a period similar to that of the

observed MJO. The timescale of the oscillation is determined by the recharge and dis-

charge time for the local instability. This gradual buildup of local instability consists well

14
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with the cloud evolution of MJO from shallow cumuli and congestus cloud to deep con-

vection (Benedict and Randall 2007). Through the diagnosis of moisture and MSE budget,

some key processes contributing to the evolution of local instability are identified. While

the horizontal and vertical moisture advection are responsible for the eastward propaga-

tion, the growth and maintenance are associated with the radiation and surface turbulent

fluxes (Sobel et al. 2014; Tseng et al. 2015; Kerns and Chen 2014; Kim et al. 2014; Zhao

et al. 2013; Hsu and Li 2012).

Although many studies have discussed the role of moisture, radiation, and turbulent

fluxes to the development and propagation of MJO, most of them focus on the Indian

Ocean region, where the MJO initiates and starts propagating eastward, within a short

period. Yet, the eastward propagation is not smooth with the strength of convection

changing from locations. For a typical MJO life cycle, the convective envelopes initiate

from the western Indian Ocean, strengthen over the center Indian Ocean, bifurcate while

passing through the Maritime Continent, reintensify upon reaching the west Pacific, and

finally dissipate around date line. Thus, the results obtained from Indian Ocean may not

be the same for other regions, especially for the Maritime Continent. The complex topog-

raphy and land-sea contrast over that region strongly modulate the MJO convective en-

velopes as they pass through. Wu and Hsu (2009) suggests that the distribution of moun-

tainous islands seems to result in the southward detour of the eastward-propagating MJO

15
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and the sudden shift of deep convection between major islands. The topographic blocking

and mountain wave-making effect will create extra lifting and sinking within the large-

scale circulation of MJO. Peatman et al. (2014) found that the interaction between diurnal

cycle and MJO leads to the vanguard of precipitation jumping ahead of the main MJO

convective envelopes by 6 days (~one phase). Moreover, some other studies suggest that

the circulation of preceding MJO events may help to generate the next MJO (Matthews

2008; Kim et al. 2014; Zhao et al. 2013) and the model prediction skill of MJO is also

better when the forecasts are initialized with strong MJOs compared to those initialized

with weak or nonexistent MJOs (Kim et al. 2014). Therefore, the identification of indi-

vidual attribution from current and previous events is crucial to advance our understand-

ing for the initiation and propagation mechanism of MJO and improve model prediction

skills.

Based on previous research, this study aims to investigate the relative contribution of

large-scale wave dynamics and local physical processes (e.g., low-tropospheric moisten-

ing, radiation, and surface turbulent fluxes) to the initiation and propagation under differ-

ent type of MJO events, i.e., successive and primary (Matthews 2008), over different re-

gions with 30-year reanalysis data. The remainder of this article is organized as follows.

Section 2 describes the data and methods of analysis employed in this study. In section 3,

the evolution of composite successive MJO events is discussed through the diagnosis of

16
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moisture and MSE budget. Finally, concluding remarks are offered in section 4. The ap-

pendix present an intercomparison of some traditional intraseasonal oscillation (ISO) in-

dices with the bimodal ISO indices utilized in this study.

2. Data and Methods

a. Data

The datasets used in this study include 1) the interpolated daily outgoing longwave

radiation (OLR) obtained from National Oceanic and Atmospheric Administration

(NOAA) polar-orbiting satellites (Liebmann and Smith 1996) and 2) the ERA-Interim

reanalysis data from the European Centre for Medium-Range Weather Forecasts

(ECMWF). The OLR data is used to represent the deep convection and identify signifi-

cant intraseasonal oscillation (ISO) events. It has a horizontal resolution of 2.5° x2.5°,

with temporal resolution of 1 day. The ERA-Interim data is utilized to diagnose the mois-

ture and MSE budget and describe the overall structure of I1SO. It contains zonal and

meridional winds, vertical p velocity, geopotential and specific humidity at 15 levels from

1000 to 100 hPa. In addition, the surface product is used to estimate the boundary fluxes

at the surface and top of atmosphere (e.g., longwave/ shortwave radiative flux and surface

latent/sensible heat flux). To unify the resolutions among datasets, the 6-hourly 1.5° ERA-

17
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Interim data is interpolated into daily and 2.5° grid. The analysis in this study covers the
period from 1982 to 2011.
b. Bimodal I1SO indices: the MJO and BSISO mode

Given the observational evidence that the ISO shows distinct behaviors between two
solstice seasons, the traditional all-season real-time multivariate MJO (RMM) index
(Wheeler and Hendon 2004) may not resolve the regional features of the annual variation
for ISO properly (e.g., Lee et al. 2013). Thus, the method developed by Kikuchi et al.
(2012) is adopted to construct the bimodal ISO indices, i.e., an EOF analysis is performed
on the 25-90 day FFT-filtered OLR during the boreal winter (DJF) and summer (JJA),
respectively. The leading EOF modes (Fig. 1):

OLR 104 (D=EOF | yode *PC 1 mode P EOF 3 mode XPC mode )
derived from the winter and summer season are respectively defined as the Madden Julian
Oscillation (MJO) mode [EOF1, mio, EOF2, mio] and the boreal summer intraseasonal os-
cillation (BSISO) mode [EOF, ssiso, EOF2, Bsiso]. The corresponding normalized PCs
[PC1”, mode, PC2" mode] Of the MJO and BSISO mode then form the bimodal ISO indices
similar to the RMM index. The composite eight-phase life cycle (Fig. 2 and 3) and sea-
sonal distribution (Fig. 4) of the two modes are in good agreement with Kikuchi et al.
(2012). While the MJO mode shows a predominant eastward propagation along the equa-

tor with a southward detour over MC region during December to April, the BSISO mode

18
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has a prominent northward propagation in off-equatorial monsoon trough regions during
June to October. Comparing with the RMM index derived from all-season data (Fig. 8
and Fig. 9 in Wheeler and Hendon 2004), the bimodal indices can capture more distinct
off-equatorial structures, especially for the northward propagation during boreal summer.
May and November are the transitional months with comparable magnitude between
MJO and BSISO (Fig. 4). In the current study, we focus on the boreal winter MJO mode
only.
c. Successive and primary events

Since some conventional analyses of MJO (e.g., lag regression method) tend to pro-
duce a repeating MJO cycle, it is difficult to separate the individual attribution from cur-
rent and previous events. Matthews (2008) utilized the phase diagram of OLR-only MJO
index to divide the MJO life cycle into four categories. Category A contains the traditional
RMM phase 2 and 3, category B includes phase 4 and 5, and so forth. Days with amplitude
(4=,/PC,*+PC,* below the critical value (Ac=0.4) were assigned to a category N (no
MJO). The primary MJO events with no preceding cycle of MJO are defined as NABCD,
while the successive MJO events following on from a previous cycle of MJO are defined
as DABCD. We then extend this case selection method to the bimodal 1ISO indices derived
above to identify both MJO and BSISO events. Based on the bimodal ISO index of MJO

(BISISO) mode with Ac set at 1, 22 (23) successive and 5 (8) primary events with strong

19
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magnitude, i.e., amplitude larger than 1, and clear propagation, i.e., complete anticlock-

wise circuit, are selected in the period of interest 1982-2011. Fig. 5 shows the duration

and corresponding bimodal phases of each selected event. As can be seen, the selected

MJO and BSISO events dominate over the boreal winter and summer respectively. It is

noticeable that the primary events, both MJO and BSISO, often occur in the transitional

months. Examples for successive and primary events are presented in Fig. 6. The succes-

sive event has clear eastward propagating anomalies prior to its initiation, whereas the

primary event has no coherent signal before initiation. The detail statistics of the selected

events are presented in Table 1 and 2. The results in Table 1 show that less than one-fourth

of the year has significant 1ISO signal and the signal is weakest over Maritime Continent

region (category B). The 77% (45/58) successive to total event ratio shown in Table 2 is

slightly higher than the 60% (26/82) obtained by Matthews (2008) and lower than the 80%

obtained from the model simulation (Maloney and Wolding 2015). The discrepancy with

Matthews (2008) may result from the different choice of critical value (0.4 and 1) and the

use of bimodal indices in our method could reduce the selected amount of primary events

in the transitional months. The high successive ratio in the model simulation suggests that

the dynamics of MJO initiation in the model are dominated by interactions with preceding

events. A more detailed comparison of the selected ISO events, as revealed by other ISO

indices (e.g., RMM index), is presented in appendix.
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In this study, the successive events are analyzed in composite fields with Indian
Ocean OLR minimum as day 0, and the primary events will be explored individually. Day
0 in each event represents the day when the 25-90 day filtered OLR over Indian Ocean is
minimum.

d. Scale-separated moisture and MSE budget

The budget analysis of the major MJO events is performed based on the ERA- interim
reanalysis data. To further examine the contribution of the non-linear scale interaction to
intraseasonal variability, a scale-separated low-tropospheric moisture budget is calculated
by decomposing moisture (q) and winds (u, v, w) into three components [a = a1 + a2 +
as; a1, a2, and az denote low-frequency (>60 days), MJO (20-60 days), and high-frequency
(<20 days) bands, respectively] and all components contributing to MJO scale moisture
tendency are estimated by

b b o

Where the prime denotes the bandpass filtered at MJO scale and the square brackets de-
note vertical integration in the lower troposphere from surface to 700 hPa. Moisture (q)
is represented in energy unit with L absorbed. The residual of the moisture budget, known
as moisture sink (Q-), includes the subgrid-scale contribution of condensation (c), evap-

oration (e), and eddy moisture flux convergence (Yanai et al. 1973),

0,= (c-e+ acg*q')' (3)
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The column-integrated Q», defined as vertical integration from surface (Ps) to top (Pr) of
troposphere, represents the net moisture sink between precipitation (P) and surface evap-

oration (E),

Pg dp
0,— =L(P-E). (4)
Pr g
To further identify the role of radiation and surface turbulent fluxes, a column-inte-
grated MSE budget is also analyzed by the equation below:
oh) [ oh [ om [ oh :
—| =lu=—| -|v=—]| - |lo=—]| +|0,-0,]|. 5
ot [” 8x] [v ay] [“’ ap] 0,0 ®)
The notation is the same as the moisture equation except that h denotes MSE,
h=C,T+gz+Lq=s+Lq, (6)
and the square brackets now denote vertical integration from surface to 100 hPa. The
residual of the dry static energy (DSE) budget, known as apparent heat source (Qz), in-

cludes the subgrid-scale contribution of condensation, evaporation, radiative heating (Qr),

and eddy DSE flux convergence (Yanai et al. 1973),

S
0,=—+u—+v—+w—=L(c-e)- +Q0,,. (7
! y  Op op K
The column-integrated Q: represents the net heating between precipitation, surface sen-

sible heat flux (SH), longwave radiation (ALW), and shortwave radiation (A.SW),

Pg d
0 —szP+SH+ALW+ASW. (8)
I'g

Pr
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3. Composite result of successive MJO events

In this section, the evolution of successive MJO is explored based on the composite
results of the 22 events selected.
a. Large-scale environment and MJO overall evolution

The low-frequency moistures and wind fields averaged over all composite days are
shown in Fig. 7a. In the Indo-Pacific tropical region where the MJO is most active, mois-
tures gradually increase eastward and off-equatorial easterlies converge equatorward and
further turn into westerlies over the equatorial Indian Ocean. Those mean state features
influence the evolution of MJO in different regions. To demonstrate the interaction be-
tween the mean state and intraseasonal variability, the mean precipitations during boreal
winter are superimposed onto the variance of 20-60 day filtered OLR (Fig. 7b). The max-
imum MJO activity coincides with the seasonal mean precipitation zone, suggesting the
large-scale control of the mean circulation on MJO. The result also shows a significant
land-sea contrast with enhanced intraseasonal variance over the oceans and reduced var-
iance over the lands, especially in the Maritime Continent. In these regions, the climato-
logical precipitation maximizes over main islands (e.g., Sumatra, Borneo, and New
Guinea), while intraseasonal variability is minimum. This feature may relate to the strong
diurnal cycle there. Peatman et al. (2014) reports that 80% of the MJO precipitation signal

over Maritime Continent is accounted for by changes in the amplitude of the diurnal cycle.
23
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Since the MJO activity, mean state fields, and topographic distribution vary significantly
in different longitudes, the detailed diagnosis of MJO structure and budget will be con-
ducted respectively in the central Indian Ocean (CIO) and the Maritime Continent (MC)
region as shown in Fig. 7b.

The overall evolution of the successive events is illustrated by the composited
Hovmoller diagram of intraseasonal OLR anomaly and low-level zonal winds in Fig. 8.
Two slowly eastward-propagating (~5 m st) convective envelopes with one following the
other are revealed. As will be discussed later, the suppressed convection of previous
events (marked by the red D in Fig. 8) plays an important role in the initiation and prop-
agation of subsequent events. Besides the eastward propagation, the geographic depend-
ence is distinct. The large-scale convective envelopes initiate from the western Indian
Ocean (WI0), strengthen over the central Indian Ocean (CIO), weaken while passing
through the Maritime Continent (MC), reintensify upon reaching the west Pacific (WP),
and finally dissipate around date line due to the cold SST there. While the convection
dissipates, the wind signals continue propagating eastward around the globe with a much
faster speed (~20 m s). Some studies hypothesize that this circumnavigating signal ex-
cited by previous MJO will trigger another MJO once it reached the Indian Ocean. How-
ever, it is still unclear how the zonal wind anomalies would trigger MJO convection. Re-

cently, the effect of previous MJO event on triggering next MJO focuses on the moisture
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advection of downstream Rossby wave response to preceding suppressed convection

(Zhao et al. 2013; Kim et al. 2014), as discussed in this study.

The MJO moisture-convection relationship is illustrated in Fig. 9. As shown in Fig.

9, 10 days prior to the initiation of convection over the WIO (day -15), the 1000-700 hPa

integrated specific humidity anomalies begin to increase. This buildup of moisture in the

lower troposphere destabilizes the atmosphere and thus generates a favorable environ-

ment for potential development of convection. Following the initial development over

WIO, the enhanced (suppressed) low-level moisture to the east (west) of the MJO con-

vective center leads to the eastward propagation (Hsu and Li 2012). This zonal asymmetry

of low-level moistures is illustrated more clearly in the zonal-vertical distribution shown

in Fig. 10. During phase 2 (convection is strongest over Indian Ocean), while the maxi-

mum moisture anomalies in the middle troposphere are collocated with the Indian Ocean

convection, the low-level moistures have increased over Maritime Continent. This low-

level buildup to the east of convection center can be seen in all phases of MJO life cycle.

Following the definition proposed by Tseng et al. (2015), the MJO life cycle is sep-

arated into four stages based on the evolution of OLR anomaly and low-level moisture:

suppressed (OLR' is positive and [q]’ is low), cloud developing (OLR' turns negative and

[q]’ grows to a maximum), convective (OLR’ reaches maximum) and decaying (OLR’
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increases and [q]’ decreases). As displayed in Fig. 11, the above four stages roughly cor-

respond to the MJO Bimodal index phase 567, 81, 2, and 34 for Central Indian Ocean and

781, 23, 4, 56 for Maritime Continent, respectively. The vertical structure of thermody-

namic and dynamic fields during four stages are shown in Fig. 12. In the suppressed stage,

the intraseasonal downward motion causes the strong drying in the middle troposphere

and the easterlies induced by the Rossby wave response of suppressed convection prevail

over low troposphere. In the cloud developing stage, the low-level moistures build up and

increase the instability. Convection begins to develop and change the environment into

upward motion. In the convective stage, the middle troposphere moistens and the strong

upward motion peak at 300-400 hPa. The low-level westerlies induced by the convective

heating also establish. In the decaying stage, the low-level moistures start decreasing and

the low-level westerlies become stronger. Generally, the vertical structure over Maritime

Continent is consistent with Indian Ocean, both showing a low-level moisture buildup

and a first baroclinic wind structure. Moreover, since the strength of convective instability

can be represented by the change of the vertical structure of MSE, the resemblance be-

tween the moisture and MSE anomalies suggests that moisture is the main factor control-

ling the intraseasonal evolution of convective instability.

b. Low-tropospheric moisture budget

Given the importance of low-tropospheric moisture to the MJO evolution, a 1000-
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700 hPa integrated moisture budget is performed. Fig. 13 exhibits the anomalous low-

tropospheric moisture budget terms together with the moisture anomalies itself. The result

shows that the vertical advection and -Q- are the dominant terms with magnitude one

order larger than the tendency and horizontal advection. However, since they are mostly

out of phase and thus cancel each other, the overall evolution of tendency resembles that

of the horizontal advection. The horizontal advection term has a prominent positive con-

tribution around 100°E-180° between negative and positive moisture anomaly, suggesting

an important role of horizontal advection for the eastward propagation over the MC and

WP. Moreover, there is positive horizontal advection over the 10 when the moisture

anomaly is positive. This in-phase relation would further amplify the moisture anomaly

and contribute to the growth and maintenance of MJO convection. To identify the process

responsible for the horizontal advection, the term is further decomposed into zonal and

meridional parts in Fig. 14. The result shows that while the meridional advection domi-

nates over the MC and WP region and mostly contributes to the eastward propagation,

the zonal advection plays a more important role for the growth over the 10.

The influence of scale interaction on intraseasonal variability is investigated by the

scale-separated budget described in section 2d. To determine the relative contribution of

each budget term to the local moisture evolution in the specific region, the time series of

each budget term over that region is projected to the time series of local tendency. It is
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calculated as:

0
(f=2) (9)

%, 00,

ot’ ot
Where the f represents each budget term and the brackets denote inner product. Since the
MJO is an eastward propagating weather system, the projection onto local tendency can
be interpreted as the contribution to eastward propagation. The projections over C10 and
MC are displayed in Fig. 15a and Fig. 16a. The result over 10 shows that both horizontal
and vertical advection have positive contribution to the tendency, while the contribution
from the subgrid-scale processes (-Q) is negative. The leading term in the moisture ad-
vection, both horizontal and vertical, is the advection of mean moisture (q:) by the MJO
flow (U2). Over MC region, the eastward propagation is dominated by the horizontal ad-
vection with insignificant contribution from the vertical advection and -Q.. Nonlinear
advection by synoptic disturbances (gs Us) also has non-negligible contribution. The pro-
jection of each budget term onto moisture anomaly (q2) is further calculated to evaluate

its contribution to local moisture growth and maintenance (Fig. 15b and Fig. 16b). This

is calculated in a similar way to the contribution to the propagation:

{.q,)

(9,49, (10)

The results over both region show that the vertical advection by upward motion is the

dominant moisture source and the intense precipitation (-Qz) efficiently removes moisture
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from atmosphere. Horizontal advection has a small contribution only in MC. Overall, the

moisture evolution of MC is consistent with 10 except that horizontal advection is more

essential and the synoptic disturbances also contribute to the eastward propagation.

To better understand the processes resulting in the moisture change, the horizontal

distribution of dominant budget terms is studied in the four stages as defined in section

3a. Fig. 17-20 exhibit the moisture budget terms over the CIO during four stages. For all

stages, as the vertical advection and -Q- largely cancel each other, the horizontal pattern

of tendency term resembles that of the horizontal advection. This result is consistent with

the analysis of Hovmoller diagram. The detail features for each stage are discussed below.

In the suppressed stage, the dominant moisture source is the surface evaporation/shallow

convection (-Q), which is largely balanced by the vertical dry advection induced by in-

traseasonal downward motion of previous event (Fig. 17d). The net effect, termed as col-

umn processes in several studies (Chikira 2014; Wolding and Maloney 2015), illustrated

in Fig. 17b has a positive contribution to the moistening tendency in the northern hemi-

sphere over CIO. The zonal advection of mean moisture by anomalous easterlies associ-

ated with downstream Rossby wave response of the dry anomaly also contributes to the

low-level moisture buildup (Fig. 17g). In the cloud developing stage, low-level moisture

approaches maximum with a moistening tendency to its east (Fig. 18a). This moistening

is mainly contributed by the advection of mean moisture by anomalous easterlies (Fig.
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18g) and the boundary layer frictional moisture convergence induced by the free-tropo-

spheric heating of main MJO (Fig. 18d). In the convective stage, while the zonal advec-

tion of anomalous westerlies and intense precipitation (i.e., positive Q) dries the atmos-

phere, the moistening caused by the strong intraseasonal upward motion largely counter-

acts their effects. The meridional advection by downstream Rossby anti-cyclonic gyres

moistens the MC region and leads to the eastward propagation of deep convection. The

off-equatorial position of this moistening may contribute to the southward detour of MJO

when it passes through MC. In the decaying stage, the strong westerlies bring in dry air

from the west causing widespread drying in CIO. Since the moisture evolution of MC is

consistent with 10 to first order, here only the results from selected stages are displayed

(Fig. 21) to illustrate the difference between two regions. In the suppressed stage of MC,

as the convection has developed over 10, its heating will induce boundary layer frictional

moisture convergence to the east. This is an additional moistening process over MC that

is not seen in the suppressed stage over 10. Moreover, the area-averaged moisture budgets

over CIO and MC during four stages are presented in Table 3 and 4. Overall, the result of

the MC is consistent with the 10 except that the meridional component is more significant

over MC.

c. Column-integrated MSE budget

30

d0i:10.6342/NTU201602908



Although the diagnosis of moisture budget has provided much insight into the initi-

ation and propagation mechanism for MJO, the budget residual (Q) is one order larger

than the individual terms that we identify as key processes, such as the horizontal advec-

tion. The small moisture tendency, which is important to the moisture evolution associ-

ated with MJO, is the result of a near balance between large values of vertical advection

and budget residual. It is this large cancellation make it difficult to assess an accurate

calculation of moisture budget. The use of MSE budget can partly alleviate this problem

by canceling the dominant condensation term when adding the moisture and DSE equa-

tion. Moreover, as the radiation and surface turbulent fluxes are the source and sink in the

column-integrated MSE budget, the role of these diabatic processes in the evolution of

MJO can be explored explicitly.

The column-integrated MSE budget averaged over CIO during four stages are shown

in Fig. 22 and their horizontal distributions during convective stage are displayed in Fig.

24. Since the weak temperature gradient (WTG) in the tropical region, the MSE tendency

and horizontal advection term is consistent with the moisture budget analysis (Fig. 19).

The main difference is the sign of the vertical advection as the column-integrated MSE

vertical advection is dominated by upper-level geopotential energy. It is worth noting that

the magnitude of vertical advection and the budget residual (Q1-Qz) are of the same order

as the horizontal advection, since the largest term (i.e., precipitation) in the moisture
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budget residual is canceled by the condensation heating. The subgrid processes (Q1-Q2)

include the radiative heating and surface turbulent fluxes. The decomposition of Q:-Q2 Is

shown in Fig. 22b. The results show that the evolution of Q1-Q2 is dominated by intrasea-

sonal variation of longwave radiation. The positive contribution of surface latent heat flux

is only prominent during the decaying stage as the strong intraseasonal westerlies are in

the same direction with the mean-state westerlies over equatorial Indian Ocean (Fig. 249).

The variation of shortwave radiation and surface sensible heat flux are small comparing

to the other two terms. The detail features in each stage are discussed below. In the sup-

pressed stage, the radiative cooling is enhanced due to the lack of deep convection and

the intraseasonal easterlies against the mean winds reduce the surface latent heat flux. In

the cloud developing stage, the gradual increases of cloud coverage and cloud height re-

duce the radiative cooling. In the convective stage, the widespread cloud coverage and

elevated cloud top cause significant radiative heating. In the decaying stage, the prevail-

ing stratiform clouds also reduce the radiative cooling and the strong intraseasonal west-

erlies enhance the surface latent heat flux.

The in-phase relation of longwave heating with column-integrated MSE in convec-

tive stage suggests that longwave heating acts to maintain MSE and the positive contri-

bution in decaying stage retards the eastward propagation. Through wind-evaporation

feedback, surface latent heat flux also slows down the propagation due to the phase lag
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between convection and wind. The MSE budget analysis over Maritime Continent is also

calculated (Fig. 23). To first order, the result is consistent with that over Indian Ocean.

4. Conclusion and discussion

In this study, 30-year ERA-Interim reanalysis data and NOAA OLR satellite obser-

vation are used to investigate the relative contribution of moistening, radiative heating,

and turbulent fluxes to the initiation and propagation of MJO over Indian Ocean and

Maritime Continent. The method developed by Kikuchi et al. (2012) is adopted to con-

struct bimodal 1SO indices that can capture the annual variation of intraseasonal oscil-

lations. Based on the bimodal ISO index of MJO mode, 22 successive and 5 primary

events with strong magnitude and clear propagation are identified in November-April,

1982-2011. The evolution of successive MJO events are analyzed through the diagnosis

of low-tropospheric moisture and column-integrated MSE budget. To discuss the role of

different processes (e.g., moisture advection, radiation, and surface turbulent fluxes) in

different stages, the life cycle of MJO are further divided into four stages (i.e., sup-

pressed, cloud developing, convective, and decaying) based on the evolution of OLR

anomaly and low-level moistures.

The results of low-level moisture budget show that while vertical advection and —Q>
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are the large terms, the evolution of tendency resembles the horizontal advection, with

meridional advection contributing to the eastward propagation over MC/WP and zonal

advection contributing to the growing over 10. A scale-separated budget is calculate to

investigate the influence of scale interaction on intraseasonal variability. The result

shows that the leading term in the moisture advection, both horizontal and vertical, is

the advection of mean moisture by the MJO flow. A column-integrated MSE budget is

further performed to provide insight into the role of diabatic processes in the evolution

of MJO. It suggests that the MSE anomalies associated with the MJO are mainly main-

tained by radiative feedback, with surface turbulent flux feedback playing a secondary

role. The slight phase lag of longwave heating and surface latent heat flux with column-

integrated MSE also acts to slows down the eastward propagation. Overall, the moisture

and MSE evolution over MC is consistent with 10 except that meridional advection is

more essential and the synoptic disturbances also contribute to the eastward propagation.

The composite of MJO successive events indicates that the suppressed convection

of previous events plays an important role in the initiation and propagation of subsequent

events. The low-level easterlies and poleward flows induced by the dry anomaly of pre-

vious events advect moisture from the warm pool and equator to the Indian Ocean and

off-equatorial region over Maritime Continent. These moistening destabilize the atmos-
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phere and provide a favorable environment for the potential development of MJO con-

vection. In addition, as the large-scale downward motion associated with the suppressed

convection confines the development of convection, the cloud population is dominated

by non-precipitating shallow convection. The negative —Q: in the suppressed stage sug-

gests the collective effect of moistening by re-evaporation of shallow convection. The

enhanced radiative cooling due to the lack of deep convection also acts to destabilize the

atmosphere.

Broadly, our conclusions are consistent with previous research using field observa-

tion during DYNAMO/CINDY IOP period, reanalysis, and model simulation (e.g., Sobel

etal. 2014; Tseng et al. 2015; Kim et al. 2014; Zhao et al. 2013; Hsu and Li 2012; Wolding

and Maloney 2015; Chikira 2014). The main progress of this study is that we use an ob-

jective method to separate the individual attribution from current and previous events.

The relative contributions of large-scale wave dynamics and local physical processes to

the initiation and propagation are investigated under different sets of MJO events, i.e.,

successive and primary. The systematic comparison between Indian Ocean and maritime

Continent is another contribution. In the current study, we only analyze the successive

MJO events and discuss the influence by previous events. To identify the genuine initia-

tion mechanisms that are not associated with previous MJO, the next step is applying the

same diagnosis method to the primary events. The BSISO events dominating the boreal
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summer will be also investigated in future study. Moreover, since only a single reanalysis
product was implemented in this study, the robustness of the results presented here should
be tested by using other reanalysis, independent observation, and model simulations. Fur-
ther investigation into the role of shallow convection during suppressed stage by using

field observation is also needed.
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Tables

Table 1. Number of days for each of the four categories. The number in the brackets
shows the ratio to the total number of days (10957 days) during 1982-2011.

A B C D Total

(Indian Ocean) (Maritime Continent) (Western Pacific) (West Hem. & Africa)

MJO 1001 (9.14%) 807 (7.27%) 978 (8.93%) 932 (8.51%) 2232 (33.93%)
BSISO 1231 (11.23%) 972 (8.87%) 1245 (11.36%) 985 (8.99%) 4433 (40.46%)
Total 2232 (20.37%) 1779 (16.24%) 2223 (20.29%) 1917 (17.50%) 8151 (74.39%)

Table 2. Number of instances of the successive and primary events for ISO (left). Number
of consecutive events for ISO (right). Single means there is no consecutive event
(DABCD), double indicates a continuation of two events (DABCDABCD), and so forth.

Successive Primary Quadruple Triple Double Single Total
(DABCD) (NABCD)
MJO 22 5 1 2 1 (1 BSISO) 16 27
BSISO 23 8 0 0 3 24 31
Total 45 13 1 2 4 40 58

Table 3. The low-level moisture budget of four stages over the Central Indian Ocean. 95%
statistically significant budget terms are shown in boldface.

Clo Tendency Zonal Advection Meridional Advection Vertical Advection -Q2
Suppressed 2.88 3.1 -1.00 -5.80 0.58
Cloud Developing 3.83 3.72 -0.88 27.13 -26.14
Convective -5.61 -4.54 0.25 20.42 -21.73
Decaying -8.61 -8.21 0.76 -7.50 6.35

Table 4. As in Table 3, expect for Maritime Continent.

MC Tendency Zonal Advection Meridional Advection Vertical Advection -Q2

Suppressed 221 1.70 1.63 -9.67 8.54

Cloud Developing 1.95 243 171 17.91 -20.10

Convective -2.69 -1.18 -0.89 21.05 -21.67

Decaying -5.20 -5.26 -2.87 5.64 -2.71
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Figures
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FIG. 1. The EOF patterns of the 25-90 day filtered OLR during (a) boreal winter (DJF)
and (b) boreal summer (JJA). The number in the brackets shows the contribution of each
EOF mode to total variance. The OLR values are multiplied by one standard deviation of
the corresponding principal components to obtain the typical value and unit (W m2) for

intraseasonal oscillations.
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FIG. 2. The composite life cycle of the MJO mode. The 20-60 day filtered OLR (shading, W m) and horizontal wind fields at 850 hPa (vector,

ms?).
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Significant ISO events

w
o

o A NN
=)

O O 0O W\

N
=]

Average number of days per month

N
w

[oM)
o

JFMAMUJJASOND
Month

FIG. 4. Average number of days during which significant ISO (amplitude >1) is present

in a month. The days are normalized such that they are the ratio of the number of days

classified as the significant MJO mode (upper, blue) or significant BSISO mode (lower,

red) to the number of days during 1982—2011 times the number of days in the month of

common year.
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FIG. 6. (a) Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered OLR (shad-
ing, W m) and low-level zonal winds (contours, interval of 1 m s) for a successive
event with a 101-day period (day 0 + 50 days) from 15 February 1990 to 26 May 1990.
Day 0 is defined as the day when OLR over Indian Ocean reaches minimum. (c) The
corresponding phase diagram. The first (t = -50), central (t = 0), and last (t = 50) days
are denoted by a filled circle, a filled diamond, and a filled square, respectively. (b) and
(d) are as (a) and (c), expect for a primary event with a 101-day period from 10 Decem-
ber 2000 to 20 March 2001. The text N denotes the region where the amplitude is
smaller than 1. See text for details.
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(a) MJO q1&(U1,V1)
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FIG. 7. (a) 1000-700 hPa integrated low-frequency moisture (shading, g kg™) and wind
fields (vector, m st) and (b) standard deviation of 20-60 day filtered OLR (shading, W
m2) and seasonal mean precipitation (contours, mm day?) during boreal winter. The
purple boxes marks the locations of four MJO activity centers in sequence from the left
side to the right: WIO (15°S-5°N, 45°E-65°E), CIO (10°S-10°N, 70°E-90°E), MC
(12.5°S-7.5°N, 100°E-155°E), and WP (12.5°S-7.5°N, 100°E-155°E).
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MJO Successive Composite (N=22) 10S-10N avg. OLR& UV wim?

FIG. 8. Composited Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered
OLR (shading, W m) and low-level zonal winds (contours, interval of 1 m s). The
purple solid (dashed) lines mark the location of OLR maximum (minimum). The red D
indicates the positive OLR anomaly associated with previous events.
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MJO Successive Composite (N=22) 10S-10N avg. OLR

FIG. 9. Composited Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered
OLR (shading, W m) and low-tropospheric moisture (contours, interval of 10° J m;
L is absorbed into g). The purple solid (dashed) lines mark the location of OLR maxi-
mum (minimum).
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FIG. 10. Composited zonal-vertical distribution of 10°S-10°N averaged, 20-60 day fil-
tered moisture (shading, interval of 10?2 J kg; L is absorbed into q) in eight MJO bi-
modal index phases.

52

d0i:10.6342/NTU201602908



(@) MJO Successive Composite N=22 q(PBL) & OLR at CIO
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FIG. 11. (a) Time series of 20-60 day OLR anomaly (green solid line) and low-tropo-
spheric moistures (blue dashed line) over Central Indian Ocean. Suppressed (red), cloud
developing (blue), convective (green), and decaying (pink) stages are shaded. The day
0 in this figure represent the day when the OLR anomaly turns negative. The numbers
above the x axis are the corresponding MJO bimodal index phase. (b) is as (a), expect

for Maritime Continent.
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FIG. 12. Vertical structure of 20-60 day filtered (a) moisture, (b) MSE, (c) pressure velocity, and (d) zonal winds over Central Indian Ocean in
four stages (suppressed in red, cloud developing in blue dashed, convective in green, and decaying in pink dashed). (e)-(h) are as (a)-(d), expect

for Maritime Continent.
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(a) MJO Successive Composite (N=22) 10S-10N avg. dgdt (b) MJO Successive Composite (N=22) 10S-10N avg. -Q2
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FIG. 13. Composited Hovmoller diagram of 10°S-10°N averaged, 20-60 day filtered
low-tropospheric moisture budget terms (shading, W m): (a) tendency, (b) —Q2, (c)
horizontal advection, and (d) vertical advection. Budget terms are shown only when
they are statistically significant at 95% confidence level. Contoured in each panel is
low-tropospheric moisture (J m?) anomaly with interval of 10° J m. The purple solid
(dashed) lines mark the location of OLR maximum (minimum).
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MJO Successive Composite (N=22) 10S-10N avg. tadvy
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FIG. 14. As in Fig. 13, expect for (a) zonal advection and (b) meridional advection
term. Contoured in each panel is low-tropospheric moisture (J m2) anomaly with inter-

val of 10 J m. The purple solid (dashed) lines mark the location of OLR maximum
(minimum).
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CI0 Composite Lower-tropospheric Moisture Budget : project to dqdt
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FIG. 15. (a) The projection of scale-separated budget terms to local moisture ten-
dency over Central Indian Ocean. All terms are normalized by the projection of mois-
ture tendency itself (all variables are non-dimensional). 95% statistically significant
budget terms are shown in red. The error bar presents the standard deviation of each
term. (b) is as (a), expect for the projection of scale-separated budget terms to mois-
ture anomaly [q]’. All terms are normalized by the projection of moisture anomaly it-
self (all variables are shown in growth rate; day™).
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MC Composite Lower-tropospheric Moisture Budget : project to dgdt
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FIG. 16. As in Fig. 15, expect for Maritime Continent.
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FIG. 17. (a) 20-60 day filtered OLR (shading, W m?) and low-level winds (vector, m
s'1); Horizontal distribution of low-tropospheric moisture budget terms (shading, W m-
2) during the CIO suppressed stage: (b) [a) aq/ap] '-0,, (c) tendency, (d) vertical advec-
tion, (e) horizontal advection, (f) -Q,. Contoured in each panel is the low-tropospheric
moisture (J m?) anomaly with interval of 10°J m?. (q) -[u, dg,/0x]', (h)-[v. 8q,/0¥]'
and 20-60 day filtered low-level winds (vector, m s1).
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FIG. 18. As in Fig. 17, except for CIO cloud developing stage.
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FIG. 19. As in Fig. 17, except for CIO convective stage.
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FIG. 20. As in Fig. 17, except for CIO decaying stage.
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(a) MJO MC composite low—tropospheric bduget: supressed stage (b) MJO MC composite low—tropospheric bduget: supressed stage
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FIG. 21. As in Fig. 17, except for MC suppressed stage.

63

d0i:10.6342/NTU201602908



CIO Composite Column Integrated MSE Budget : suppressed stage CIO Composite Column Integrated MSE Source Terms : suppressed stage
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FIG. 22. (a) Column-integrated MSE budget terms and (b) the decomposition of Q-
Q- averaged over four stages. 95% statistically significant budget terms are shown in
red. The error bar presents the standard deviation of each term.
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(a) MC Composite Column Integrated MSE Budget : suppressed stage (b) MC Composite Column Integrated MSE Source Terms : suppressed stage
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FIG. 23. As in Fig. 22, except for Maritime Continent.
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FIG. 24. Horizontal distribution of column-integrated MSE budget terms (shading, W
m2) during the CIO convective stage: (a) tendency, (b) vertical advection, (c) horizontal
advection, (d) Q,-0,. Contoured in each panel is the column-integrated MSE anomaly
with interval of 106 J m. The decomposition of 0,-0,: () longwave radiation, (f)
shortwave radiation, (g) latent heat flux, and (h) sensible heat flux. The red (blue) vec-
tors in (g) denote the regions where the intraseasonal flows are in the same (opposite)
direction to mean flows.
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Appendix

Intercomparison of 1SO Indices

Here we compare the statistics of the selected 1SO events in section 2c with dif-

ferent 1SO indices. For this comparison we use the OLR-based bimodal 1SO indices

(OBI; Kikuchi et al. 2012), the real-time multivariate MJO index (RMM; Wheeler and

Hendon 2004), and the OLR-based MJO index (OMI; Matthews 2008). For all indices,

the all-season period of record 19822011 is used and the 1SO events are selected fol-

lowing the same procedure as depicted in section 2c. The detailed statistics of the se-

lected all-season ISO events are presented in Table Al and Table A2. The results show

that the bimodal ISO indices identify more significant ISO days (Table 1) and select

more 1SO events (Table 2) than the other two indices, suggesting the use of bimodal

ISO indices can capture the seasonal variation of 1ISO more properly..
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Table Al. Number of days for each of the four categories as in Table 1. The number in
the brackets shows the ratio to the total number of days (10957 days) during 1982-2011.

A B c D Total

(Indian Ocean)  (Maritime Continent)  (Western Pacific)  (West Hem. & Africa)

OBI 2232 (20.37%) 1779 (16.24%) 2223 (20.29%) 1917 (17.50%) 8151 (74.39%)
RMM 1669 (15.23%) 1651 (15.07%) 1643 (14.99%) 1686 (15.39%) 6649 (60.68%)
oMl 1602 (14.62%) 1624 (14.82%) 1588 (14.49%) 1495 (13.64%) 6309 (57.58%)

Table A2. Number of instances of the successive and primary events for ISO (left) as
in Table 2. Number of consecutive events for ISO (right) as in Table 2. Single means
there is no consecutive event (DABCD), double indicates a continuation of two events
(DABCDABCD), and so forth.

Successive Primary Quadruple Triple Double Single Total
(DABCD) (NABCD)
OBl 45 13 1 2 4 40 58
RMM 24 18 0 2 5 26 42
OMI 35 15 0 3 7 27 50
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