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ABSTRACT: Motivated by the previous case study, this work shows that dynamical variations of mixed Rossbybgravity
waves with tropical depressionbtype circulations (MRGTDs) are possible drivers of convective initiation and propagation
of the MaddenbJulian oscillation (MJO) by performing statistical analysis. MJO events initiated in the Indian Ocean (I10)

in boreal winter are objectively identibed solely using outgoing longwave radiation data. The lagged-composite analysis
of detected MJO events demonstrates that MJO convection is initiated in the southwestern 10 (SWIO), where strong
MRGTDBbconvection coupling is statistically found. Further classibcation of MJO cases in terms of intraseasonal convection
and MRGTD activities in the SWIO suggests that 26 of 47 cases are related to more enhanced MRGTDs, although they can
also be secondarily affected by Kelvin waves. For those MRGTD-enhanced MJO events, MJO convective initiation is
primarily triggered by low-level MRGTD circulations that develop via the enhancement of downward energy dispersion in
accordance with upper-tropospheric baroclinic conversion. This is supported by the modulation of MRGTD structure
associated with zonal wave contraction due to upper-tropospheric zonal convergence, and plentiful moisture advected into
the western |O. Following this MRGTD-induced MJO triggering and midtropospheric premoistening in the IO contributed

by MRGTD shallow circulations as well as intraseasonal winds during the MJO-suppressed phase, low-level MRGTD winds
with eastward group velocity successively trigger convection to the east, which helps MJO convective propagation over the 10.
The interannual atmospheric variability may affect whether the presented MRGTD-related processes are effective or not.
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1. Introduction

The MaddenbJulian oscillation (MJO) (Madden and Julian
1971, 1972 is known to be the most prominent convective
disturbances in the tropics. It is characterized by slow eastward
propagation of convective envelopes with O(10%-km spatial
scale over the Indo-Pacibc warm pool sector on an intra-
seasonal time scale (e.gHendon and Salby 1994 Kiladis et al.
2009, and it appears not to be analogous to classical equatorial
waves (Matsuno 1966 Takayabu 1994 Wheeler and Kiladis
1999. Because the MJO has profound impacts on weather and
climate phenomena (Zhang 2013, gaining a deeper under-
standing of the mechanics of MJO initiation and propagation is
an important goal in tropical meteorology. Although extensive
work over the past several decades has improved our knowl-
edge of the MJO (Zhang 2005 Lau and Waliser 2012, its in-
trinsic mechanism remains elusive. In this context, many
general circulation models (GCMs) still struggle with simu-
lating MJO convection with appropriate amplitude, propaga-
tion characteristics, and frequency of occurrence (e.g.Hung
et al. 2013 Jiang et al. 2015 Ahn et al. 2017; Ling et al. 2019).
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While the moisture evolution under the weak temperature
gradient approximation (Sobel et al. 200} and the quasi-
equilibrium framework (e.g., Betts and Miller 1986; Emanuel
et al. 1999 at the MJO scale could explain the robust prop-
erties of MJO convection (e.g., Kiranmayi and Maloney 2011;
Sobel and Maloney 2013 Adames and Kim 2016), it is natural
to consider about the contributions of high-frequency wave
dynamicsto the MJO if we keep in mind the MJO hierarchical
structure (e.g., Nakazawa 1988 Hendon and Liebmann 1994
Kikuchi and Wang 2010). One may expect that, as suggested by
Emanuel et al. (1994), high-frequency wave modes can be
damped at the quasi-equilibrium state for the MJO scale
because a Pnite time that convective adjustment to the quasi-
equilibrium takes leads to negative correlations of heating and
temperature pelds associated with bPrst-mode baroclinic waves.
In this idea, however, the assumption of the vertical wave
structure is too simple compared to an observational fact that
some waves have the signipcant second baroclinic mode (e.g.
Kiladis et al. 2009). Related to this, Kuang (2008) discusses
the destabilization of equatorial waves using a simple model
that incorporates the two-vertical mode under the quasi-
equilibrium concept.

In fact, high-frequency waves modulate part of MJO con-
vection via wave-induced convective triggering (Masunaga
et al. 2006 Yang and Ingersoll 2013 2014 and wave energy
dispersion (Straub and Kiladis 2003 Yang and Ingersoll 2011J).

This article is licensed under aCreative Commons
Attribution 4.0 license (http://creativecommons.org/
licenses/by/4.0).
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Masunaga et al. (2006)suggest that consecutive Kelvin waves
interfered with by Rossby waves help to trigger and maintain
the MJO envelope. Yang and Ingersoll (2013 2014) have
proposed a theory that the interference of westward and
eastward inertiabgravity waves can realize slow MJO propa-
gation using a 2D shallow-water system that implements the
effects of triggered convection. Straub and Kiladis (2003)argue
that MJO convection during boreal summer can be a packet of
convectively coupled mixed Rossbybgravity (MRG) wavesb
tropical depression (TD)-type disturbances (MRGTDs). This
argument is a valid hypothesis according to idealized numerical
experiments with a dry GCM (Yang and Ingersoll 2011 and
is consistent with the fact that the MRG group velocity is al-
most equal to the MJO propagation speed (Wheeler and
Kiladis 1999).

Meanwhile, there is a question regarding the interaction
between the MJO and high-frequency equatorial waves: Do
particular wave modes have upscale effects on the MJO?
Using a multiyear outgoing longwave radiation (OLR) dataset,
Yang and Ingersoll (2011) report statistically signibcant but
small contributions of MRGs to the MJO envelope. More
generally, Dias et al. (2017) indicate that overall, rather than
specibc, wave activities are enhanced during an active-MJO
phase in terms of convection. However, if we focus only on
convective signals, ambiguities are introduced to the under-
standing of the cross-scale interaction because the MJO con-
vective complex can be aggregation of convection that is
triggered externally by high-frequency dynamics (e.g., synoptic-
scale waves) and spontaneously develop in response to ther-
modynamical (e.g., moisture) variations due to convective
adjustment to the quasi-equilibrium. Alternatively, it may be
better to clarify the roles of a specipc wave type in the MJO

with an emphasis on wave-induced dynamical aspects such as

convective triggering and moisture transport.

From this standpoint, our interest in the present study is the
MJOBMRGTD interaction, which is motivated by the previous
study by the authors (Takasuka et al. 2019 hereafter TSY19).
TSY19 suggest that MJO convection during the Years of
the Maritime Continent (YMC)-Sumatra 2017 campaign was
triggered in the southwestern Indian Ocean (SWIO) by MRGD
convection coupling associated with a similar analogy to
MRGDBTD transition, and propagated over the Indian Ocean
(I0) in accordance with successive convective triggering by
MRG-related meridional winds with eastward energy disper-
sion. TSY19 further conbrmed midtropospheric moistening
associated with MRG shallow circulations prior to an MJO
convective outbreak.

A similar perspectiveNthat MRGTD dynamics affect
moisture modulation and convective triggering that are re-
sponsible for MJO realization in the IONhas been proposed
for cases in different beld campaigns Yasunaga et al. 2010
Kerns and Chen 2014 Chen et al. 2015 Muraleedharan et al.
2015 and an idealized numerical study (Takasuka et al. 2018.
Yasunaga et al. (2010) who analyzed observational data from
the Mirai Indian Ocean cruise for the Study of the MJO-
convection Onset (Yoneyama et al. 2008, found midtropo-
spheric meridional wind variations associated with MRGs and
related moisture resurgence before the MJO initiation. During
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the Dynamics of the MJO (DYNAMO) campaign ( Yoneyama
et al. 2013, MRGs and/or TD-type disturbances helped the
organization of MJO convection through dry air intrusion
(Kerns and Chen 2014 and/or vertical and horizontal moisture
advection (Chen et al. 2015 Muraleedharan et al. 20195.
Furthermore, the importance of midtropospheric moisten-
ing due to MRG shallow circulations before MJO initiation
was shown in long-term aquaplanet experiments using the
Nonhydrostatic Icosahedral Atmospheric Model ( Takasuka
et al. 2018.

Because the MJODMRGTD interaction presented by TSY19
and others is derived from limited case studies or idealized
experiments, it is unknown whether MRGTDs are actually a
driving force for the MJO in general. In this paper, using the
datasets and analysis methods described isection 2, we aim to
present that convective triggering and moistening associated
with MRGTDs is one possible way to MJO initiation and
propagation in more general context, even though it is not
necessarily applicable to all MJO events. We begin by de-
tecting MJO events initiated in the 10 during boreal winters of
1982D2012 and specifying the MRGTD structure in the 10
statistically (section 3. We then show that the MJO cases
triggered by MRGTDs in the SWIO are not rare; for those
cases, we clarify the robust contributions of MRGTD dynamics
to dynamical and moistening processes that lead to MJO
convective initiation and propagation over the 10 by apply-
ing lagged-composite and regression analysesséction 4. In
section 5 we discuss factors in large-scale environments that
could potentially make a difference to MRGTD-enhanced and
other types of MJO initiation. Summary and concluding dis-
cussion comprisesection 6.

2. Data and methodology
a. Data

We used the interpolated daily OLR from the National
Oceanic and Atmospheric Administration (NOAA) polar-
orbiting satellite (Liebmann and Smith 1996 and 6-hourly
atmospheric Pelds from ERA-Interim ( Dee et al. 2011). The
OLR dataset used to identify MJO events and deep convec-
tive activities in the tropics has a horizontal resolution of
2.%8latitude 3 2.58longitude for the 35-yr time period from
1979 to 2013. The ERA-Interim data were used to investigate
dynamical and thermodynamical variations from January
1979 to December 2012. Their horizontal spatial resolution
is 1.3 latitude 3 1.58longitude and they cover 27 vertical
layers from 1000 to 100 hPa. We used the daily averaged
3D Ppeld variables of horizontal wind components [V 5 (u, y)],
vertical p velocity (v), specibc humidity (g), temperature (T),
and geopotential (F), as well as surface pressure fs) to
derive column-integrated (surfaceb100 hPa) water vapor
(CWV). ERA-Interim OLR at 0000 and 1200 UTC was also
used to Plter out high-frequency convective variations with
the period around 2b3 days, which cannot be completely
captured by the daily data alone. In this study, we analyzed
the atmospheric belds in boreal winter [NovemberbApril
(NDJFMA)].
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b. Analysis methods

We brst detected MJO events initiated over the IO in
DecemberbMarch (DJFM) of 1982D2012, which corresponds
to the postbgeostationary satellite era and season with robust
MJO activity, in terms of convective belds by tracking ampli-

tudes and phases in an MJO phase space based on the EOF

analysis of the intraseasonal OLR anomalies in the tropics
(308sb3@N, all longitudes) in DJFM of 1980D2012. While
EOF-based multivariate indices constructed from OLR and
850- and 200-hPa zonal wind anomalies in the equatorial
region are widely used to monitor MJO activity ( Wheeler
and Hendon 2004, they tend to miss MJO-related local
convection, especially that seerin MJO initiation, because of
their emphasis on the planetary-scale dynamical circulation
(Straub 2013. We thus utilized only intraseasonal OLR
anomalies to track MJO convection from the MJO initiation
stage (cf.Matthews 2008 Kikuchi et al. 2012; Kiladis et al.
2014. The intraseasonal anomalies were dePned as follows:
the daily OLR anomalies from the climatology were brst
obtained by subtracting the mean and the brst three har-
monics of the annual cycle in 197992013 and then Pltered for
the periods of 20D100 days with a 201-point Lanczos blter
(Duchon 1979). The detailed procedure of MJO detection is
provided in section 3a

To obtain MRGTD characteristics in the 10, we adopted
temporal and cross-spectral analyses and a linear regression
technique following Kiladis et al. (2009). In the spectral anal-
ysis, detrended time series of westward-only-pltered anomalies
of any variables were divided into 180-day segments from
1 November in each year from 1981. For each segment, the
time mean was removed and the ends of the series were ta-
pered to zero. Then we applied fast Fourier transforms (FFT)

intime to all 31 segments, averaged them, and applied a 1D2D1 gays in which OLR®

blter to the averaged spectra. With the bltering band of
MRGTDs in frequency (4D10 days) and wavenumber 2 1 or
less) domains constructed from the spectral analysis, we
extracted composite structure of MRGTDs by regressing any
nonbltered variables at all grid points onto MRGTD-bltered
OLR anomalies at a given grid point. The data for this re-
gression analysis covers NDJFMA in 1982D2012. Similar to
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dynamical belds associated with MRGTDs in selected MJO
events (seesection 49.

3. Identi cation of MJO events and MRGTD structure
in the 10

a. Detection of the MJO and its composite feature

As described in section 2h, the EOF analysis for tropical
intraseasonal OLR anomalies was employed to construct the
MJO phase space used for MJO detection. EOF1 and EOF2
represent large-scale enhanced convection over the Maritime
Continent (MC) and the 10, respectively ( Fig. 1a), and the
corresponding brst principal component (PC1) lags the second
one (PC2) by about 10 days (not shown). Thus, the phase space
constructed from PC1 and PC2 well captures the evolution of
MJO convection. In fact, horizontal maps of OLR and 850-hPa
horizontal wind aanaIies averaged on the days with ampli-
tude A$ 0.8(A[ PCI?1 PC2)in each of the eight phases
(Figs. 1b,9 suggest that active MJO convection starts from the
SWIO to the central IO at phases 1D3 and propagates eastward
to the western Pacibc as phases progress, which conbrms the
availability of the OLR-based MJO index from PC1 and PC2
for tracking MJO activities.

Following the methodology used in Takasuka et al. (2018)
we took two steps to detect MJO events. First, a large-scale
convective event (LCE) over the 10 (108SD1@N, 609EE)
was directly identibed using the time series of domain-mean
OLR anomalies from the 91-day running mean. We searched
the date t3, which is the brst of bve consecutive days for which
5-day running-mean OLR anomalies averaged over the 10
(OLR2_,) are less than2 0.6 standard deviation of OLRY,,
(s). We also debned the datet, as the brst of Pve consecutive
aea- 2 0:6s after t;. If there are any days
during t; 2 t; on which OLR %, # 2 0:8s was satisbed, the brst
and last of them are those of an LCE period (denoted asD gt and
D eng, respectively). Critical values of s were subjectively chosen,
as they can capture as many plausible LCEs recognized in timeb
longitude diagrams of equatorial OLR anomalies as possible.

Second, we examined whether the identibPed LCE was re-
lated to the MJO convective initiation by tracking the OLR-

Kiladis et al. (2009), we assessed the statistical signiPcance of hased index according to bve criteria modibed fromSuematsu

the local regressed belds by applying a two-tailed test for the
Fisher transformed correlation coefbcients at the 95% level,
based on degrees of freedom estimated from the decorrelation
time scale in Livezey and Chen (1983) The regression results
were scaled to2 2.0 standard deviations of MRGTD-bPltered
OLR for lag 0.

The statistical results for the MJOPMRGTD relation were
derived primarily from lagged-composite analysis with refer-
ence to the MJO initiation date assigned in MJO detection.
Unless otherwise noted, the anomalies in this analysis were
debned as 5-day running-mean deviations from 91-day running
means of any variables to remove their daily climatology and
interannual variability. The statistical signibcance of the com-
posite Pelds at any grid points were assessed by the two-tailed
StudentO¢ test at the 95% or 90% level. We also conducted
the lagged-regression analysis to clarify the time evolution of

and Miura (2018) and Takasuka et al. (2018) We here focused
on the LCEs whose periods include DJFM in 1982D2012. The
brst criterion (C,) is A $ 0.8 during an LCE period (i.e.,
Dstart 2 Deng) in any of phases 13 that correspond to MJO
initiation over the 10 ( Fig. 1b). The remaining four criteria are
imposed on tracking after the brst date whenC, is satisbed
(denoted asDjy;):

C,: A $ 0.4 during tracking.

C3: A $ 0.8 at phases 1D3 unless there is a period of (@4
A, 0.8 within 5 days.

C4: No phase is skipped and there is no more than one phase
recession.

Cs: Complete tracking up to phase 5 with C,EC, satisbed.

Note that if phase recession from phase 1 to phase 8 occurred
during tracking and C; was newly fulblled in the LCE period,
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FIG. 1. (a) The brst two EOF spatial patterns obtained from 20- to 100-day-bltered daily OLR anomalies in 3@Sb
304N and at all longitudes. The variance contribution rate of each mode is shown in the top-right corner of each
panel. (b) Maps of composite OLR (shading; W m? 2) and 850-hPa horizontal wind anomalies (vectors; m %) for
each MJO phase. Green squares in phases 1D3 denote the Indian Ocean g8D1@N, 608D9@E). The number of days
used for the composite in each phase is displayed in the bottom-right corner of each panel. (¢c) The evolution of PC1
and PC2 during a 31-day period for two LCEs identiped as an MJO (red) and a non-MJO event (blue). Each day is
plotted with a Plled marker. The number plotted every 5 days indicates the day fromD g, (large Plled marker), the
star and crossing denote the start and end date of tracking, respectively, and the open circle denote3 ¢,

Dinit was updated and another tracking was performed under
criteria C,BECs. The choice of the threshold of A is based on
several previous works;Suematsu and Miura (2018)conbPrmed
sufbciently strong convection underA $ 0.8 in the MJO index
by Wheeler and Hendon (2004) and Matthews (2008) found
that A $ 0.4 in the OLR-based MJO index is enough to track
eastward-propagating MJO signals. These references are helpful
for maximizing the performance of MJO detection, although
our major results are not so sensitive to the thresholds.

In the physical context, C; and C3 guarantee the establish-
ment and maintenance of robust MJO convection in the 10; C,
and C, require the smooth eastward propagation of the MJO
structure from the 10 to the MC with certain strength; Cs re-
quires that the MJO completes its propagation over broad
spatial scales. We dePned LCEs that met criterieaC,BCs as MJO
events initiated on D ;. If two successiveD ,; had an interval of
20days or less, the latteD,;; was regarded as the MJO initiation
date to prevent a single MJO event from being counted twice.

Figure 1c shows an example of the tracking for two LCEs
classibed into an MJO and non-MJO. This MJO satisbe<; on

Dstart (dePned as day 0O; large star with a blled circle) and suc-
ceeds in phase progression untiCs is met on day 18, soDy;; of
this event was debned asD .. Meanwhile, the non-MJO
event missesC3 on day 14, even thoughC, is satisped on day 2
(star). In this manner, we detected 47 MJO events used for our
analysis.

To examine the initiation processes of 47 MJO cases, we
looked at the composite time evolution of OLR, 850-hPa wind,
and CWYV anomalies from days2 9 to 0 (Fig. 2). The composite
center (day 0) is D, of each MJO. On day 2 9, the anoma-
lously moistened area with easterlies is in the WIO, to the west
of suppressed MJO convection, and it is more obvious to the
northern side of the equator (Fig. 2a). We recognize enhanced
convection over the SWIO on day 2 3 and the start of its
eastward propagation by day O €Figs. 2c,d. Notably, the
equatorial asymmetry in moisture and convection is detectable
before MJO initiation even in composite Pelds, as in a case
study of Chen et al. (2015)and TSY19, which suggests that
MRGTDs might potentially contribute generally to MJO re-
alization. More specibcally, we expect that active convection
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