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Abstract

The Madden—Julian oscillation (MJO) is characterized by slow eastward propagation of
organized convective envelopes coupled with a planetary-scale zonal overturning circulation
over the Indo-Pacific warm pool. Since the MJO is the most dominant intraseasonal variabil-
ity in the tropics and globally affects various meteorological and climatological phenomena,
there have been dedicated efforts to reveal physical processes of the MJO and improve its
predictability. While previous studies have primarily focused on MJO-scale dynamical and
thermodynamical variations to propose the mechanisms of MJO initiation and propagation,
there are also some evidences which implicate the importance of synoptic-scale and interan-
nual variabilities to MJO dynamics. However, our knowledge of such cross-scale processes in
MJO realization is piecemeal compared to MJO-scale process-oriented understanding. The
aim of this study is to clarify the detailed mechanisms which explain MJO convective initi-
ation and subsequent propagation based on the multi-scale framework involving active roles
of synoptic-scale equatorial waves and the mutual relationship between the intraseasonal and
interannual variability.

In Chapter 2, mainly from observational data analyses of an MJO event initiated in
December 2017 during the field campaign of the Years of the Maritime Continent Project, it
is found that dynamical variations associated with mixed Rossby—gravity waves (MRGs) are
directly responsible for MJO convective initiation and propagation in the Indian Ocean (10).
The in-situ intensive observation and reanalysis data have captured westward-propagating
MRG-related meridional wind signals in the mid-troposphere over the 10 during the MJO-
suppressed phase. Before MJO convection is activated, tight MRG—convection coupling is

enhanced in accordance with zonal wave contraction due to weak mid-tropospheric conver-
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gence in the western 10. Basin-scale midlevel moisture resurgence caused by MRG shallow
circulations is also observed. These processes stimulate the MRG wave packet formation in
the lower-troposphere and successive triggering of MJO convection via MRG dynamics, with
the eastward MRG group velocity corresponding to MJO propagation. This MRG-driving
mechanism is also confirmed to a certain degree in other two MJO events initiated in October
and November 2011, although it is not so evident in the October event.

In Chapter 3, the robustness and inevitability of the MJO-MRG relationship is explored
by statistical analyses of 47 MJO events realized in the IO during December—March in 1982—
2012. On average, MJO convection is initiated in the southwestern 10 (SWIO), where
strong MRG—convection coupling is statistically found. Further classification suggests that
initiation of 26 of 47 MJO cases is related to more enhanced MRG activities than any
other convectively coupled equatorial waves. MJO initiation for MRG-enhanced cases is
characterized as convective triggering by low-level MRG circulations which develop via active
downward energy dispersion related to upper-tropospheric baroclinic conversion, consistent
with Chapter 2. This is supported by the modulation of MRG structure associated with upper-
level background zonal convergence, and plentiful moisture advected into the western 10. In
addition to this MRG-induced convection in the SWIO, mid-tropospheric pre-moistening in
the 10 due to MRG shallow circulations and MJO convective propagation driven by low-level
MRG winds are also recognized as in Chapter 2. The comparison between the MRG-enhanced
events and all others suggests that intraseasonal cross-equatorial circulations during the MJO-
suppressed phase in the 10, which is possibly originated from the equatorial asymmetry of
background convective activities, may be the source of MRGs. Whether the MRG-related
processes are effective or not may depend on the strength in this asymmetry modulated by the
low-frequency variability and seasonal march.

Chapter 4 focuses on the diversity of MJO initiation regions associated with the intrasea-
sonal and interannual variability to understand favorable environments for MJO initiation
comprehensively. MJOs initiated in the 10 (I0-MJO), Maritime Continent (MC-MJO), and

western Pacific (WP-MJO) are targeted. Both observations and a series of 15-yr perpetual-
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boreal-winter experiments using an atmospheric GCM reveal the following two points: (i)
horizontal moisture advection mainly by equatorial intraseasonal circulations is commonly
important before MJO initiation in every region, and (ii) the variety of MJO source basins
is partly generated by the change of where advective moistening is more likely to work due
to the modulation of background circulations forced by interannual SST variability. For
I0-MJO cases as the canonical MJO, because climatological ascent in the MC—WP can sup-
port intraseasonal convective organization there, resultant convective suppression around the
western MC can lead to moisture advection to the IO via intraseasonal low-level easterly
anomalies. MC-MJO cases are more favored under the eastern-Pacific (EP) El Nifio-like con-
dition, because SST-induced background suppressed convection in the eastern MC can cause
the eastward shift of the intraseasonal circulation and convective pattern seen in I0-MJO
cases and result in efficient moistening and subsequent development of convection around
the western MC. WP-MJO cases tend to occur under the central-Pacific (CP) Nifio-like state
and dipole SST structure in the southern IO. This is owing to selective moistening in the
WP associated with westward intrusion of enhanced disturbances as a result of background
convective enhancement in the WP—CP and suppression in the southeastern IO and EP.
Taken together, my results suggest that potential roles of interannual, intraseasonal, and
synoptic-scale variations in the mechanics of the MJO are to affect the existence of equato-
rial intraseasonal zonal circulations related to the MJO, to provide a necessary environment
for MJO realization through allowance of sufficient moistening, and to directly trigger MJO
convection and assist moisture transport in a favorable environment for the MJO, respec-
tively. This study has emphasized that considering the hierarchical relationship ranging from
synoptic-scale variations to interannual variabilities is important to the precise and compre-

hensive understanding of MJO realization.
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General Introduction



Chapter 1. General Introduction

1.1 Mystery of the Madden-Julian oscillation

The Madden-Julian oscillation (MJO) (Madden and Julian, 1971, 1972) is known to be
the most prominent convective variability in the tropics with a quasi-periodicity on the 20—
100-day time scale. The MJO is characterized by slow eastward propagation (~ 3-8 ms~!) of
convective envelopes with O(10% km) spatial scale over the Indo-Pacific warm pool sector, and
is coupled with a planetary-scale zonal overturning circulation (e.g., Hendon and Salby, 1994;
Kiladis et al., 2005). As an example of these features, Figs. 1.1a and 1.1b display the time—
longitude diagrams of equatorial convection and 850- and 200-hPa zonal wind anomalies for
an MJO event realized on December 1996, respectively. Large-scale organized convection
in phase with low-level zonal convergence accompanied by strong westerlies and upper-level
divergence propagates eastward at about 4 m s ~! from the Indian Ocean through the western
Pacific, and then dissipates. Furthermore, in Fig. 1.1c, MJO convective areas are in good
agreement with anomalously moist regions, which is another notable characteristics that MJO
convective variations are tightly related to the evolution of moisture fields (e.g., Kiladis et al.,
2005; Benedict and Randall, 2007; Adames and Wallace, 2015).

Since MJO convection modulates large-scale circulations on the intraseasonal time scale,
the MJO has extensive impacts on not only local rainfall systems but also global weather and
climatological patterns as reviewed by Zhang (2013). For instance, we observe the change
of diurnal cycles in precipitation in accordance with phase progression of the MJO (e.g.,
Ichikawa and Yasunari, 2007; Peatman et al., 2014), the activation of Indian and Australian
summer monsoons related to MJO onset (e.g., Yasunari, 1979; Hendon and Liebmann, 1990),
and more frequent genesis of tropical cyclones under MJO low-level westerly phases (e.g.,
Maloney and Hartmann, 2000; Frank and Roundy, 2006). In addition to these impacts on the
tropical atmosphere, we also recognize tropics—mid-latitude teleconnection induced by upper-
level divergence related to the MJO (e.g., Matthews et al., 2004; Seo and Son, 2012) and the
phase shift of the El Nifio-Southern Oscillation (ENSO) through the interaction between MJO-

associated surface winds and ocean dynamics (e.g., McPhaden, 1999; Takayabu et al., 1999;
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Figure 1.1: Time—longitude diagrams of (a) infrared channel brightness temperature (TBB), (b) 850-hPa
(shading) and 200-hPa zonal wind anomalies (contours), and (c) column-integrated water vapor (CWV)

anomalies averaged over 15°S—5°N from 1 November 1996 to 31 January 1997. Contour interval in (b)

is 7 m s~!, with negative (zero) values dashed (bolded). The colored broken line in each plot indicates

the convective center of an MJO event.

Hendon et al., 2007). Understanding the physics of the MJO and improving its predictability
are therefore major issues in tropical meteorology.

The comparisons among tropical convective activities over a wide range of spatio-
temporal scale suggest the necessity of a special care for the MJO. Following Takayabu (1994)
and Wheeler and Kiladis (1999), Figs. 1.2a and 1.2b show the normalized power spectra of the
equatorially symmetric and asymmetric components of outgoing longwave radiation (OLR)
in the tropics (15°S—15°N) on the wavenumber-frequency domain. Dispersion curves of the
equatorial waves with various meridional modes and equivalent depths, which are derived
from the linear theory in dry shallow water systems (Matsuno, 1966), are also superimposed
on Fig. 1.2. Most of significant spectral peaks exist along the dispersion relations of
Kelvin, n = 1 equatorial Rossby (ERs), and n = 1 westward inertia—gravity waves (WIGs)
for symmetric components and mixed Rossby—gravity (MRGs) and n = O eastward inertia—
gravity waves (EIGs) for asymmetric ones. Meanwhile, there is another dominant signal for
eastward wavenumbers 1—4 and periods of 20-100 days corresponding to the MJO, which is

distinct from the classical equatorial wave modes. This uniqueness of the MJO which cannot
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Figure 1.2: Wavenumber—frequency power spectra for (a) equatorially symmetric and (b) antisymmetric
daily OLR in 1979-2013 summed over 15°S—15°N and normalized by their backgrounds. Dispersion
curves for the equatorial waves are superimposed for equivalent depths of 8, 12, 25, 50, and 90 m.

be explained only based on dry dynamics makes its straightforward understanding difficult.
In fact, although extensive works through observational data analyses, modeling, and
theoretical approaches over the past several decades have improved our knowledge of the
MIJO since its discovery (Zhang, 2005; Lau and Waliser, 2012), the comprehensive frame-
work about MJO dynamics remains elusive. Specifically, we have yet to reach a consensus
about the conditions and processes which more universally lead to MJO convective initiation,
the driving mechanisms of the subsequent propagation and maintenance of the MJO, the
reason why MJO convective systems are organized on the typical horizontal scale of about
5000 km, and the cause of the intraseasonal quasi-periodicity. This situation is reflected in
the fact that many general circulation models (GCMs) still struggle with simulating MJO
convection with realistic amplitude, propagation characteristics, and occurrence (Hung et al.,
2013; Jiang et al., 2015; Ahn et al., 2017; Ling et al., 2019), even though the importance of
appropriate representation of the moisture—convection—dynamical feedback has been impli-
cated by successful MJO simulations and/or improved MJO prediction skills with a global
cloud/cloud-system resolving model (GCRM) (Miura et al., 2007; Miyakawa et al., 2014)
and GCMs whose convective parameterization is improved to be sensitive to environmental

moisture (e.g., Bechtold et al., 2008; Hannah and Maloney, 2011; Vitart and Robertson, 2018)
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or replaced with a 2-D cloud resolving model (e.g., Benedict and Randall, 2009).

In this dissertation, I especially focus on the realization processes of the MJO, that is,
how, when, and where MJO convection is initiated and starts to propagate eastward slowly.
The detailed understanding of them can be expected to provide not only some essences in
both MJO initiation and propagation as a set of processes but also more precise indicators
for the prediction. The remaining mystery, a fundamental origin about the spatio-temoporal
scale peculiar to the MJO, is also an interesting and challenging topic as examined with an
idealized framework such as radiative-convective equilibrium experiments (e.g., Grabowski
and Moncrieff, 2004; Arnold and Randall, 2015; Pritchard and Yang, 2016; Wing and Cronin,
2016; Beucler et al., 2018; Yang, 2018; Khairoutdinov and Emanuel, 2018) or aqua-planet
experiments with sea surface temperature (SST) gradient (e.g., Arnold et al., 2013; Takasuka

et al., 2018; Shi et al., 2018). This important theme should be revisited in the future.

1.2 Understanding of MJO initiation and propagation

based on its large-scale intraseasonal feature
1.2.1 Observed primary structure of the MJO

The dynamical and thermodynamical structure associated with the MJO is primarily
characterized by large-scale wind, pressure, and moisture patterns related to its organized
convection (e.g., Kiladis et al., 2005). Figures 1.3a and 1.3b display horizontal maps of
time-averaged meteorological fields at 850 and 200 hPa along the convective center for the
MIJO event shown in Fig. 1.1, respectively. At 850 hPa, the twin cyclonic gyres exist
across the equator to the west of MJO convection and the equatorial anomalous easterlies are
prominent to the east (Fig. 1.3a), which is generally interpreted as a Matsuno-Gill response
to MJO convective heating (Matsuno, 1966; Gill, 1980). The wind fields at 200 hPa have
the significantly divergent circulations in concert with MJO active convection (Fig. 1.3b).
It is also reconfirmed that large-scale tropospheric moisture fields well correspond to MJO

convective envelopes (Figs. 1.3a, b) as pointed out in Fig. 1.1c. Figure 1.3c presents these
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circulation and moisture structures in the zonal—vertical cross section. The first baroclinic
mode composed of low-level convergence and upper-level divergence is dominant around the
MIJO convective center, and the overall dynamical and moisture fields have the westward-tilted
structure associated with the shallow convergence and moistened region to the east (Kiladis
et al., 2005; Benedict and Randall, 2007; Adames and Wallace, 2015).

It has been, therefore, a main stream in understanding the MJO initiation and propagation
mechanisms to focus on the evolution of large-scale intraseasonal fields related to the primary
structure of the MJO mentioned above. The literature review about this perspective is provided

in the next two subsections.

1.2.2 Initiation mechanisms

The pre-existing mechanisms of MJO initiation based on large-scale processes stress the
importance of dynamical and thermodynamical variations inside the tropics. The following
three elements are considered to be key recipes for MJO initiation: 1) equatorial circumnav-
igation of large-scale Kelvin waves, 2) "discharge-recharge" hypothesis, and 3) MJO-scale
moisture advection. Now I introduce the details and related caveats for each proposed mech-

anism.

Equatorial circumnavigation of large-scale Kelvin waves

Many observational studies have highlighted the role of equatorial circumnavigation
of large-scale Kelvin waves decoupled from MJO convection dissipating around the cen-
tral Pacific region (e.g., Matthews, 2000; Kikuchi and Takayabu, 2003; Seo and Kim, 2003;
Matthews, 2008; Haertel et al., 2015; Powell and Houze, 2015a), ever since Knutson and
Weickmann (1987) found the correspondence between the arrival of equatorially circum-
navigating upper-tropospheric negative velocity potential anomalies at the Indian Ocean and
MIJO initiation. While how Kelvin-wave signals in the upper-troposphere can trigger a next
MJO cycle has been the matter of speculation (Matthews, 2008; Haertel et al., 2015), Powell

and Houze (2015a) showed that the approach of Kelvin-wave-induced anomalous ascending
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Figure 1.3: (a) Horizontal structure of OLR (shading), 850-hPa horizontal wind (vectors; m s™!), and
geopotential height anomalies (contours) averaged along the convective center (0°) of the MJO shown
in Fig. 1.1. Contour interval is 3 m, with negative (zero) values dashed (omitted). (b) As in (a), but for
CWYV (shading), 200-hPa horizontal wind (vectors), and geopotential anomalies (contours). Contour
interval is 6 m. (c) Zonal-vertical structure of 10°S—10°N averaged specific humidity (shading), mass
flux (vectors; kg m~2 s7!), and horizontal mass convergence anomalies (contours). Contour interval is
3.0 x 1077 kg m™ s~!, with negative (zero) values dashed (omitted). The vertical component of vectors
is multiplied by 1000.
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motions at 500-300 hPa supports deep convective onset in the Indian Ocean through the weak-
ening of large-scale subsidence and the resultant steepening of the lower-tropospheric lapse
rate. As first speculated by Matthews (2000), the intrusion of lower-tropospheric dynamical
signals rather than upper-tropospheric ones may also directly trigger MJO convection. In
fact, Kikuchi and Takayabu (2003) and Seo and Kim (2003) have suggested the importance of
moisture convergence associated with low-level easterlies of circumnavigating Kelvin waves
in excitation of enhanced convection, which is validated at least for a single MJO event in
a regional modeling study of Chen and Zhang (2019). Recent mechanism-denial studies
with long-term GCM simulations, however, have claimed that a global circuit of large-scale
Kelvin waves is not a necessary condition for MJO initiation (Zhao et al., 2013; Maloney and
Wolding, 2015; Ma and Kuang, 2016; Takasuka et al., 2018). This implicates that there are

other possible pathways to MJO convective triggering.

Discharge-recharge hypothesis

With a theoretical approach, Bladé and Hartmann (1993) have first hypothesized that
a local buildup and release of instability over the warm water can be responsible for the
periodic MJO initiation. In observation, this "discharge-recharge" hypothesis is interpreted
in terms of basin-scale but local variations in sea surface temperature (SST), surface fluxes,
and radiative cooling (e.g., Kemball-Cook and Weare, 2001; Benedict and Randall, 2007).
Specifically, Benedict and Randall (2007) presented the statistical view that MJO initiation
is a result of gradual column moistening and heating caused by vertical convective transport
of moisture and heat in accordance with the development of convection from shallow to
deep under warm SSTs. Indeed, this shallow-to-deep cloud transition associated with the
MIJO evolution is confirmed in the satellite observations (e.g., Riley et al., 2011; Del Genio
et al., 2012). In some MJO cases, however, the time scale on which MJO deep convection
develops is shorter than the discharge-recharge hypothesis predicts (Powell and Houze, 2013,
2015a,b; Xu and Rutledge, 2016), which suggests that gradual destabilization from the lower

troposphere is not always a suitable explanation for MJO initiation. In addition, in the context
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of more general situations in tropical convection, the correlation between the convective
development and column destabilization may not necessarily imply direct contributions of
shallow cloud processes to the preconditioning. For example, based on a statistical analysis
using satellite data, Masunaga (2013) suggested that free-tropospheric moistening before
deep convection may result from the large-scale updraft forcing rather than convective eddy
transport. Hohenegger and Stevens (2013) also presented the similar perspective with large-
eddy simulations. Hence, it is still worth targeting at larger-scale dynamics such as equatorial
waves compared to convective cloud scales in MJO initiation processes (Hagos et al., 2014;

Chen and Zhang, 2019).

MJO-scale moisture advection

Motivated by the evident moisture—convection relationship in the MJO (Figs. 1.3b, ¢),
some researchers have recently had a special focus on the evolutions of the moisture budget
in initiation processes of the MJO. They suggested that anomalous horizontal advection of
climatological moisture by intraseasonal wind anomalies associated with the Rossby wave
response to the MJO-suppressed phase (i.e., the opposite pattern to Fig. 1.3a) is responsible
for free-tropospheric pre-moistening (e.g., Zhao et al., 2013; Li et al., 2015; Maloney and
Wolding, 2015; Nasuno et al., 2015; Takasuka et al., 2018; Hung and Sui, 2018). Note
that this process is completely reversed to one which one of MJO theories emphasizes in
explaining the eastward propagation of MJO convection as described later (see "moisture
mode" in Section 1.2.3). Meanwhile, there is also a report of contributions of high-frequency
circulations to the moistening in some cases (Nasuno et al., 2015; Takasuka et al., 2018). In
addition, although the community does not care, it may be inappropriate to apply temporal
filtering to moisture signals in the moisture budget analysis because moisture itself is a tracer
with local and instant phase change and does not actively have temporal information. The
decomposition of moisture fields that is adopted in most of the above studies might lead to

misleading interpretation of the results.
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Although every proposed mechanism sometimes appears to work in initiation processes
of the MJO, there are also the criticisms that some mechanisms are not always required and that
the contributions from synoptic-scale high-frequency variations can be actually important.
Furthermore, all the above mechanisms are derived on the assumption that the MJO is initiated
in the Indian Ocean. Thus, they alone cannot completely predict where MJO initiation should

be observed.

1.2.3 Propagation mechanisms

Understanding of MJO propagation has been advanced by both construction of theoreti-
cal models and their validation through modeling and/or observational studies (e.g., Lau and
Waliser, 2012). Although early works tried to interpret the MJO as the wave-CISK (CISK:
conditional instability of the second kind) for Kelvin waves (e.g., Lau and Peng, 1987) and an
unstable mode via the wind-induced surface heat exchange (WISHE; Emanuel, 1987; Neelin
et al., 1987), both are inconsistent with observation in that the former and latter require
too bottom-heavy heating for a slow propagation and mean easterlies, respectively (Zhang,
2005). At present, there are three proposed theories focused on large-scale intraseasonal
variations: 1) atmosphere—ocean coupled processes, 2) Kelvin—Rossby wave dynamics inter-
acted with planetary boundary layer (PBL) frictional moisture convergence, and 3) moisture
mode. Although all the theories make much of the Matsuno-Gill-type structure and moisture-
convection relationship seen in Fig. 1.3c, they are distinguished from each other depending
on what processes they put more emphasis on. Their details and unsatisfactory points are now

described.

Importance of atmosphere-ocean coupled processes

Some past theoretical works have pointed out the importance of atmosphere—ocean
coupled processes (e.g., Flatau et al., 1997; Wang and Xie, 1998; Liu and Wang, 2013, see
also a comprehensive review by Demott et al. (2015)). Overall, this theory postulates that

the SST—convection—evaporation/radiation feedback prompts the slow eastward propagation
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of the MJO in a following manner. To the east of the MJO convective center (i.e., suppressed
phase), SST warming is caused by enhanced solar insolation and less surface evaporation
and shallower ocean mixed layer depth (MLD) due to weak easterlies associated with the
Kelvin wave response, whereas SST drops to the west because of shutdown of incoming
shortwave radiation, deeper MLD, and enhanced evaporation under increased cloud cover and
strong westerlies as a result of both mean and anomalous westerlies. This resultant zonal SST
gradient can induce the enhancement of low-level convergence and increases in moisture on
the eastern side, which destabilizes eastward-propagating MJO convection.

In fact, the relationship between SST and surface and radiative flux variations on the
intraseasonal time scale is confirmed by observations (e.g., Shinoda et al., 1998; Demott et al.,
2015), and modeling studies have suggested that air—sea coupling can improve the skill in MJO
simulations (e.g., Inness and Slingo, 2003; Benedict and Randall, 2011; DeMott et al., 2014;
Klingaman and Woolnough, 2014; Tseng et al., 2015; Miyakawa et al., 2017; Zhu et al., 2017).
However, some theoretical models (e.g., Wang and Xie, 1998; Liu and Wang, 2013) may
overemphasize the impacts of SST on atmospheric heat and moisture because of the simplified
formulation in the SST-wind—evaporation relationship (Demott et al., 2015). Furthermore,
intraseasonal SST-induced atmospheric processes such as enhanced PBL convergence can be
observed as secondary effects, if any (e.g., Hsu and Li, 2012), consistent with the fact that
some atmospheric-only GCMs prescribed by climatological SST can reproduce the realistic
MIJO (e.g., Kemball-Cook et al., 2002; Maloney and Sobel, 2004; Klingaman and Woolnough,
2014) and that some MJO cases are well simulated even without the air—sea interaction (e.g., Fu
et al., 2015). This suggests that we have room for scrutinizing atmosphere-driving processes

as a basis of MJO dynamics.

Kelvin—Rossby wave dynamics with PBL frictional moisture convergence
Based on the large-scale dynamical structure in the MJO, one considers that the equatorial
wave dynamics associated with the Kelvin—Rossby couplet which interacts with PBL frictional

moisture convergence is the essence in slow propagation of the MJO (e.g., Wang and Rui,
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1990; Wang and Li, 1994; Kang et al., 2013; Wang et al., 2016; Wang and Chen, 2017). This
framework was first developed by Wang and Rui (1990) based on the 2.5-layer (i.e., two free-
tropospheric layers with PBL) equatorial S-plane model with the long-wave approximation and
a diagnostic convective heating parameterization related to PBL convergence (i.e., simplified
CISK-type parameterization). They found that convective heating via PBL convergence
can lead to the continuous coupling between equatorial Kelvin and Rossby waves and that,
for sufficiently high SST, the resultant Kelvin—Rossby couplet has a planetary-scale slowly
eastward-propagating unstable mode similar to the MJO. This Kelvin—Rossby coupled model
has been lately updated to a simpler version that implements moisture feedback processes by
Wang et al. (2016) and Wang and Chen (2017). They claim that slow propagation of the MJO
can result from both decreased phase speeds in Kelvin waves due to reduced static stability via
sufficient convective heating and Rossby-wave hinderance enhanced by the moisture feedback
to eastward-propagating Kelvin waves destabilized by PBL frictional moisture convergence.
Large-scale PBL frictional moisture convergence, a key element in this theory, is actually
observed especially to the east of the MJO convective center (e.g., Maloney and Hartmann,
1998; Sperber, 2003; Hsu and Li, 2012; Adames and Wallace, 2015; Chen and Wang, 2018b,
Fig. 1.3c). Good representation of this dynamical characteristics in GCMs also appears
to be related to good simulation skill of MJO propagation (e.g., Wang et al., 2016; Wang
and Chen, 2017; Wang et al., 2018a). However, it is non-trivial whether the theoretical
model parameters such as the PBL Ekman number and Newtonian damping coeflicients are
appropriate compared to observation. This uncertainty can shake the validity of this theory
through overemphasis of the strength in PBL convergence. In addition, there is no physical

justification for considering only long-wave approximated Kelvin and Rossby waves.

Moisture mode
Different from the mechanism in terms of the equatorial Kelvin—Rossby wave dynamics,
a theory called a "moisture mode" puts importance on the atmospheric thermodynamical

relationship between large-scale moisture and convective variations (Figs. 1.1c and 1.3b,c)
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(e.g., Neelin and Yu, 1994; Sobel et al., 2001; Raymond and Fuchs, 2007, 2009; Sugiyama,
2009; Sobel and Maloney, 2012, 2013; Adames and Kim, 2016). This theory explains eastward
propagation of MJO convection in terms of the intraseasonal spatio-temporal evolution of
moisture as a prognostic variable, which relies on the observational fact that there is a positive
correlation between precipitation and column-integrated water vapor in the tropics (e.g.,
Bretherton et al., 2004; Holloway and Neelin, 2009). More practically, since the horizontal
temperature gradient in the tropics is very weak because of rapid and broad adjustment of
buoyancy perturbations via gravity waves (Sobel et al., 2001), this view has been reduced to
discussing the variations of column-integrated moist static energy (MSE) (Sugiyama, 2009;
Sobel and Maloney, 2012, 2013; Adames and Kim, 2016) or moist entropy (Raymond and
Fuchs, 2007, 2009) approximately conserved in moist adiabatic processes. This enables
us to interpret the evolution of MJO convection based on the interaction among moisture,
circulations and radiative and surface heat fluxes as sources or sinks of MSE, which can
incorporate the previously proposed (and presently examined) framework that the MJO can
be maintained by the cloud-radiation interaction (Raymond, 2001; Bony and Emanuel, 2005;
Crueger and Stevens, 2015; Andersen and Kuang, 2012; Zhang et al., 2019) and the wind—
evaporation feedback (Neelin and Yu, 1994; Sobel et al., 2008, 2010).

Recently, by expanding the 1-D linear model of Sobel and Maloney (2012) and Sobel
and Maloney (2013), Adames and Kim (2016) have developed the 2-D equatorial 5-plane
moisture-mode model which adopts the long-wave approximation and has only a prognostic
equation of column-integrated MSE on the assumption that MJO-related dynamical fields are
just diagnosed as a Matsuno-Gill response to column-integrated heating. With this model,
Adames and Kim (2016) have suggested that the MJO may be regarded as a linear dispersive
eastward-propagating moisture wave with a westward group velocity. In essence, MJO
convective propagation can be mainly driven by both moistening to the east due to Kelvin
wave-response-induced PBL moisture convergence and drying to the west via horizontal
advection of subtropical dry air by equatorward winds associated with the Rossby wave

response, although the effects of synoptic-scale eddy activities on the moisture evolution are
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empirically and implicitly considered.

While the moisture-mode view seems to be consistent with past observational studies
(e.g., Kiranmayi and Maloney, 2011; Adames and Wallace, 2015; Adames and Kim, 2016;
Kim et al., 2017) and modeling studies (e.g., Maloney, 2009; Arnold et al., 2013; Pritchard
and Bretherton, 2014; Jiang, 2017; Jiang et al., 2018), there are several unclear points and
criticisms. One is that, as pointed out in the second theory, the additive parameters to
represent the effects of PBL moisture convergence and eddy moisture transport and scaling
of the governing equations are highly empirically determined in the model. Another stems
from the results in Pritchard and Yang (2016), who questioned the validity of considering
moisture variations alone explicitly as a driver of the MJO by conducting several idealized
numerical experiments. They have shown that the MJO propagates eastward even when the
mean meridional moisture gradient is reversed to the real world and speculated the importance
of high-frequency tropical waves rather than large-scale horizontal moisture advection. This
means that it may be required to scrutinize the interactive processes between dynamics and

moisture to understand the MJO more precisely.

As reviewed above, it is true that each theory of MJO propagation has been constructed
based on the qualitative observational characteristics in SST and/or atmospheric variations
associated with the MJO. As suggested by some previous studies, however, there is the
possibility that the theories may overemphasize their corresponding specific processes beyond
observation by imposing the non-trivial assumptions in spatio-temporal scaling and physical
parameterizations, Thus, it is worthwhile to pursue a different view from the pre-existing

mechanisms focused on MJO-scale processes.

1.3 Implications of the importance of cross-scale processes
in MJO realization
The previous section describes that MJO behavior has primarily been understood by

emphasis on large-scale intraseasonal variations in dynamics and thermodynamics, whereas
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the resultant proposed mechanisms alone may not be enough to capture the precise picture
of how and where MJO convection is initiated and starts its propagation. Considering this
situation, it is natural to look for influences from the spatio-temporal scale outside the MJO,
that is, synoptic-scale and interannual variabilities. In the following subsections, I will briefly
review previous studies which discuss the impacts of synoptic-scale variations and interannual
variabilities on MJO initiation and propagation, and will introduce the importance of cross-

scale processes in MJO realization along with related unsolved issues.

1.3.1 Relationship with equatorial synoptic-scale variations

One of observational evidences for the involvement of equatorial synoptic-scale varia-
tions in MJO realization is the hierarchical structure in the MJO-related fields. Beginning with
the pioneering work by Nakazawa (1988), who found that large-scale convective envelopes as-
sociated with the MJO are composed of high-frequency eastward- and westward-propagating
cloud clusters, many observational studies have suggested that various kinds of convectively
coupled equatorial waves (Fig. 1.2) are embedded within MJO convection (e.g., Hendon and
Liebmann, 1994; Dunkerton and Crum, 1995; Chen et al., 1996; Takayabu et al., 1996; Straub
and Kiladis, 2003; Masunaga et al., 2006; Kikuchi and Wang, 2010; Yang and Ingersoll,
2011; Yasunaga, 2011; Dias et al., 2013, 2017). This characteristic in the MJO event shown
in Fig. 1.1 is presented in Fig. 1.4. We find that WIGs are mainly observed during the entire
MIJO active period (Hendon and Liebmann, 1994; Takayabu et al., 1996; Chen et al., 1996;
Kikuchi and Wang, 2010). The enhancement of other specific waves such as MRGs (Straub
and Kiladis, 2003; Yang and Ingersoll, 2011), Kelvin waves (Dunkerton and Crum, 1995;
Masunaga et al., 2006), and Rossby waves (Masunaga et al., 2006) has also been recognized,
while several works point out that it appears not to be uniquely determined what kinds of waves
are prominent in the MJO convective structure (Yasunaga, 2011; Dias et al., 2013, 2017). At
any rate, these studies suggest that the contributions from synoptic-scale disturbances can be
transferred to the components at the MJO scale. Note that this view is consistent with the

results of the MJO model intercomparison by Guo et al. (2015), who have found that models
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Figure 1.4: AsinFig. 1.1a, but negative TBB anomalies filtered for WIGs (red), Kelvin waves (magenta),
and Rossby waves (orange) are also plotted. Contour interval is 4 K, with zero values omitted.

with good MJO simulation skill can reproduce strong precipitation variances of the equatorial
waves in association with MJO precipitation anomalies.

In some theoretical studies, one of possible processes about the MJO-synoptic-scale
interaction is considered as upscale convective momentum transport associated with the
vertically-tilted structure of convectively coupled equatorial waves (e.g., Kiladis et al., 2009)
embedded within MJO convective envelopes (e.g., Majda and Biello, 2004; Biello and Majda,
2005; Majda and Stechmann, 2009a; Wang and Liu, 2011). This process actually appears
to be important to the realistic wind structure of the MJO (e.g., Biello and Majda, 2005;
Wang and Liu, 2011) and its slow propagation (e.g., Wang and Liu, 2011). In contrast,
Majda and Stechmann (2009b) and Majda and Stechmann (2011) have proposed the MJO
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"skeleton" model without its "muscle" such as convective momentum transport. They ex-
plain the eastward propagation of MJO convection by parameterizing the collective heating
effects of synoptic-scale wave activities related to moisture fields on the MJO-scale dynamics.
From another standpoint, Yang and Ingersoll (2013) have focused on convective triggering
via high-frequency equatorial wave dynamics, and interpreted MJO convection as the inter-
ference pattern of EIGs and WIGs by using a 2-D shallow water model which implements the
effects of triggered convective heating. This situation in the theoretical approaches implicates
that some of fundamental properties in MJO realization may come from the interactive pro-
cesses between moisture and synoptic-scale wave dynamics rather than convective momentum
transport, although the validity of this implication should be clarified in observation.
Fortunately, there are some evidences that dynamical and moisture variations associ-
ated with synoptic-scale equatorial waves actually play a direct role in MJO initiation and
propagation processes based on observational data analyses (e.g., Straub and Kiladis, 2003;
Masunaga et al., 2006; Yasunaga et al., 2010; Yang and Ingersoll, 2011; Kerns and Chen,
2014; Chen et al., 2015; Kubota et al., 2015; Muraleedharan et al., 2015; Nasuno et al., 2015;
Kikuchi et al., 2018) and modeling studies (e.g., Miura et al., 2007, 2009; Nasuno et al., 2009;
Yang and Ingersoll, 2011; Pritchard and Yang, 2016; Takasuka et al., 2018). In particular,
the knowledge of the interaction between the MJO initiation and synoptic-scale variations
has been greatly accumulated in the two intensive observational field campaigns in the Indian
Ocean — the Mirai Indian Ocean cruise for the Study of the MJO-convection Onset (MISMO;
Yoneyama et al., 2008) and the Dynamics of the MJO (DYNAMO; Yoneyama et al., 2013)
field campaign. For example, Yasunaga et al. (2010) have reported pre-moistening by MRGs
with 3—4-day-period dynamical and moisture variations before the onset of MJO convection
during MISMO. Similarly, several analyses for the DYNAMO campaign have suggested that
moisture resurgence leading to the MJO initiation around the Indian Ocean is prompted by
MRGs (Chen et al., 2015; Muraleedharan et al., 2015) and/or WIGs (Kubota et al., 2015).
These observational facts are complemented by an idealized modeling study to examine the

intrinsic mechanism of the MJO; Takasuka et al. (2018) have provided an insight that MRGs

17



Chapter 1. General Introduction

might be essentially important to MJO initiation through free-tropospheric moisture accumu-
lation by analyzing a set of initiation processes of many MJO-like disturbances reproduced
in an aqua-planet experiment. Meanwhile, since the above studies are based on the analyses
of each single case or the idealized framework, it is still unclear how robust pre-moistening
involving such equatorial waves are for other observed MJO cases. In addition, as another
aspect other than moistening processes, the possibility that MJO initiation is characterized as
convective triggering by synoptic-scale wave disturbances, which is inferred from a theoretical
context (Yang and Ingersoll, 2013), has not been verified in details for observation.

With respect to the MJO propagation, several insights which challenge the candidate
mechanisms focused on large-scale processes (see Section 1.2.3) have been provided. Straub
and Kiladis (2003) has statistically found that enhanced MRG convective activities are in phase
with MJO convection and speculated that the eastward energy dispersion ofconvectively-
coupled MRG wave packets at the group velocity of ~ 5 m s~! (Wheeler and Kiladis, 1999)
can be sometimes recognized as the eastward-moving convective clusters of the MJO. Yang
and Ingersoll (2011) have also further tested this hypothesis with both idealized numerical
experiments and observational data and have shown that the MJO-MRG relationship is one
of allowed solutions but that it cannot be always detected in observed convective fields.
Nonetheless, the analysis of an MJO event which Miura et al. (2007) have successfully
simulated using a GCRM with a 7-km horizontal grid intervals has revealed that westward-
propagating cloud clusters related to cross-equatorial meridional winds are enhanced at the
leading edge of the eastward-propagating MJO (Nasuno et al., 2009), which implicates the
importance of MRG-type dynamics in MJO propagation. In addition, Kikuchi et al. (2018)
recently proposed a hypothesis that slow Kelvin waves appear to drive MJO propagation as
main building blocks of the MJO by analyzing all five MJO events observed in the DYNAMO
campaign. In terms of moisture variations, Miura et al. (2007) have pointed out that westward
intrusion of equatorial Rossby waves into the western Pacific can contribute to sufficient
moistening responsible for eastward migration of the whole MJO convection, consistent with

Masunaga et al. (2006)’s satellite data analysis. These findings and hypotheses are not covered
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by the Kelvin—Rossby couplet mechanism and the moisture-mode theory, which supports the
speculation that synoptic-scale waves may drive MJO convective propagation (Pritchard and
Yang, 2016). However, the detailed interactive mechanism, necessity, and robustness of those
MJO-synoptic-scale variations still remain elusive because they have had little recognition

compared to large-scale dynamical and thermodynamical processes.

1.3.2 Impacts of the interannual variability

The interannual variability, as the other time scale outside the MJO, is also important
for comprehensive understanding of MJO realization because it modulates the background
environment favorable for MJO convection. One of the examples is recognized as the spatial
change in mean MJO convective activities in accordance with the ENSO. For instance, the
comparison of 20-100-day-filtered OLR variance during boreal winter (December—March)
between all years in 1982-2012 and only the typical eastern-Pacific (EP) El Nifio years
(1982/1983, 1986/1987, 1991/1992, and 1997/1998) suggests that the EP El Nifio condition
tends to enhance MJO activities to the east of date line (Fig. 1.5), as reported by previous
studies (e.g., Fink and Speth, 1997; Vincent et al., 1998; Hendon et al., 1999; Kessler, 2001;
Tam and Lau, 2005; Chen et al., 2016). Different from this condition, under the central-Pacific
(CP) El Nifio (Kao and Yu, 2009) or El Nifio Modoki (Ashok et al., 2007), which is another
type of El Nifo characterized as SST warming around the equatorial CP rather than the EP,
MJO convective perturbations become more significant around the western Pacific (e.g., Feng
et al., 2015; Chen et al., 2016; Wang et al., 2018b). These studies indicate that where MJO
convection is favored on average is very sensitive to the spatial pattern of the interannual SST
variability.

While the above observational fact itself is for the modulation of the mean characteristics
of MJO convective activities, it has been recently shown that interannual variations of SSTs
and associated atmospheric circulations also have an impact on whether MJO initiation as
a transient phenomenon is realized or not (Suematsu and Miura, 2018; Suematsu, 2018).

By comparing MJO events and large-scale convective events confined in the Indian Ocean
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Figure 1.5: (a) Map of 20-100-day-filtered OLR variance during December—-March in 1982-2012, and
(b) its difference from all the years for typical EP El Nifio years (1982/1983, 1986/1987, 1991/1992, and
1997/1998). Stippled areas indicate the statistical significance at the 90% level assessed by the F-test.

statistically, Suematsu and Miura (2018) have found that MJO initiation in the Indian Ocean
is more favored when there is a more positive zonal gradient of background SSTs for the
MJO scale from the Indian Ocean to the western Pacific (e.g., under CP El Nifio conditions).
This perspective has been reduced to the relationship between MJO initiation and the strength
in the mean equatorial zonal circulation (i.e., the Walker circulation); that is, the enhanced
background Walker circulation can lead to the situation that MJO convection is more favorably
initiated in the Indian Ocean (Suematsu, 2018).

Our present perception that the interannual variability modulates the spatial distributions
of mean MJO activities and the probability of MJO initiation in the Indian Ocean may provide a
clue to understanding where MJO should be realized. At present, any pre-existing mechanisms
for MJO initiation cannot explain an observational fact that MJO convection can be initiated
even around the Maritime Continent and western Pacific (Matthews, 2008, Fig. 1.6). Looking

into such a non-canonical MJO, which is initiated outside the Indian Ocean, is expected to be
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Figure 1.6: Time—longitude diagrams of OLR (shading) and its anomalies filtered for the MJO (contours)
for an MJO event initiated in the (a) Indian Ocean, (b) Maritime Continent, and (c) western Pacific.
Contour interval is 15 W m~2, with positive (zero) values dashed (omitted).

helpful for comprehensive understanding of favorable conditions for MJO initiation. To the
best of my knowledge, however, there are very few previous works to tackle this topic in terms
of the relationship between intraseasonal and interannual variations (Bellenger and Duvel,
2012; Hirata et al., 2013). Bellenger and Duvel (2012) have focused on the event-to-event
variability of the amplitude distribution in the boreal winter MJO in relation to the diversity
of MJO initiation, and suggested that the MJO initiated in the western Pacific is more likely
to be observed in El Nifio conditions. However, they have not clarified the specific processes
leading to such a modulation of MJO initiation regions. Although Hirata et al. (2013) have
compared atmospheric and SST fields before MJO initiation around the Indian Ocean and the
Maritime Continent, the mechanism which makes the difference between the two cases has
not been revealed at least in their analysis. Hence, the detailed processes of MJO realization
in the hierarchical structure involving lower-frequency variabilities than the MJO are not well

understood.
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1.4 Purpose of this study

Since the discovery of the MJO around 50 years ago, there have been many dedicated
efforts to understand the mechanisms of MJO initiation and propagation. Although most of
previous studies have attempted to clarify the intrinsic processes of the MJO with a main focus
on dynamical and thermodynamical variations on the MJO spatial scale and intraseasonal time
scale, they fail to explain all aspects of the MJO characteristics which are recognized in the
observational and modeling studies. In fact, there are some evidences that synoptic-scale
wave disturbances can be responsible for moistening and convective development in initiation
and/or propagation processes of MJO convection. In addition, interannual variabilities can
also affect MJO initiation by modulating the background conditions, which is not explicitly
considered in the preexisted initiation mechanisms. As described in Section 1.3, however,
our knowledge of the cross-scale interaction in MJO realization is piecemeal compared to
large-scale process-oriented understandings.

Based on this present research status, the objective of this study is to reveal the detailed
processes and mechanisms which realize MJO convective initiation and subsequent prop-
agation in terms of the multi-scale framework ranging from synoptic-scale disturbances to
interannual variabilities. In particular, I clarify the following topics by means of observational

data analyses and numerical model experiments:

* Do synoptic-scale equatorial waves have a central role in determining the initiation
and the start of eastward propagation of MJO convection in the Indian Ocean through
moistening and/or convective triggering processes? If so, how robust and necessary is
the observed wave-MJO interaction?

* How is the modulation of MJO initiation regions understood from a standpoint of the
mutual relationship between the intraseaonal and interannual variability? Is there a
common environment and process which is favorable for MJO initiation even among

different regions?
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This dissertation is organized as follows. In the next chapter, mainly through an obser-
vational case study of an MJO event which was realized in the Indian Ocean during a field
campaign in December 2017, I propose a new perspective that MRG dynamics is responsible
for MJO convective initiation and propagation in the Indian Ocean. To examine the robustness
of the mechanism proposed in Chapter 2, I conduct statistical analyses of MJO events initiated
in the Indian Ocean during boreal winter in 1982-2012 using various kinds of observational
daily data in Chapter 3. I also discuss the necessity of the MRG-related mechanism and the
difference between when it works and when it does not. In Chapter 4, to advance comprehen-
sive understanding of MJO initiation, I investigate a potential source of the diversity of MJO
initiation regions and common initiation processes of the MJO among that diversity in terms
of the influences of interannual variabilities of SSTs and associated atmospheric circulations
on intraseasonal processes by utilizing both observational data and an atmospheric GCM. The
last chapter summarizes the main results of this study and discusses the relationship among

Chapters 2, 3 and 4, implications for the previous studies, and future perspectives.
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Chapter 2

Observational Evidence of Mixed
Rossby—-Gravity Waves as a Driving Force

for the MJO Convective Initiation and

Propagation

The contents of this chapter have already been published as follows:
Takasuka, D., M. Satoh, and S. Yokoi (2019), Observational evidence of mixed
Rossby-gravity waves as a driving force for the MJO convective initiation and propagation,

Geophys. Res. Lett., 46, 5546-5555, doi:10.1029/2019GL083108.
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2.1 Introduction

Asreviewed in Chapter 1, the mechanism of MJO convective initiation and propagation is
of great interest in tropical meteorology because the MJO has large impacts on global weather
patterns as well as local rainfall systems (Zhang, 2013, and references therein). Most of
previous works about the mechanics of the MJO emphasize the influence of atmospheric large-
scale low-frequency physics. In terms of large-scale dynamical variations, it has been pointed
out that intrusion of equatorially circumnavigating planetary-scale Kelvin waves (Knutson
and Weickmann, 1987) can trigger MJO initiation through moisture accumulation associated
with lower-tropospheric easterlies (Kikuchi and Takayabu, 2003; Seo and Kim, 2003) and/or
the weakening of subsidence (Powell and Houze, 2015a) and that equatorial Kelvin—Rossby
long-wave couplet dynamics with frictional convergence can drive MJO propagation (e.g.,
Wang and Rui, 1990; Wang and Chen, 2017). The importance of intraseasonal moisture
variations to MJO realization is also recognized, as represented by the "discharge-recharge"
mechanism related to gradual shallow-to-deep moistening (e.g., Bladé and Hartmann, 1993;
Kemball-Cook and Weare, 2001; Benedict and Randall, 2007) and the moisture-mode theory
(e.g., Raymond and Fuchs, 2009; Sobel and Maloney, 2012, 2013; Adames and Kim, 2016). In
particular, the latter is nowadays featured because it appears to well describe preconditioning
via horizontal moisture advection by MJO flows (e.g., Zhao et al., 2013; Maloney and Wolding,
2015; Hung and Sui, 2018) and qualitative characteristics of MJO propagation (e.g., Adames
and Wallace, 2015; Maloney and Hartmann, 1998; Yokoi and Sobel, 2015).

Meanwhile, the moisture-mode views, in which horizontal moisture advection by MJO
flows mainly acts on propagation (e.g., Adames and Wallace, 2015), are questioned by
Pritchard and Yang (2016) with their analysis of the idealized simulations using a superpa-
rameterized Community Atmospheric Model (SP-CAM). In their numerical results, MJO-like
disturbances propagated eastward through vertical processes, regardless of the direction of
the mean meridional moisture gradient. From this evidence, they speculate on the relevance

of high-frequency equatorial wave dynamics. There also exists an "MJO skeleton" theory,
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which parameterizes the effects of synoptic-scale waves within MJO convective envelopes on
MJO-scale dynamics (Majda and Stechmann, 2009b). These studies implicate that there is still
room to reconsider the MJO in terms of scale interactions with synoptic-scale high-frequency
equatorial waves.

Of various kinds of local high-frequency equatorial waves, my focus in this chapter
is MRGs. MRGs theoretically have westward phase speed and eastward group velocity
relative to the background wind (Matsuno, 1966). Beginning with Yanai and Maruyama
(1966), who discovered westward-propagating wind variations at around the 5-day cycle in
the tropical stratosphere using sounding data, subsequent observational studies showed that
cross-equatorial circulations associated with MRGs with zonal wavenumbers 4-5 and periods
of 4-5 days are evident in the upper troposphere over the equatorial central Pacific (e.g., Yanai
etal., 1968; Yanai and Hayashi, 1969; Yanai and Murakami, 1970; Wallace, 1971). In addition,
lower-tropospheric MRGs characterized by equatorial meridional wind fluctuations with a 4—
5-day cycle also exist in the Pacific and that their phase line is tilted eastward with height
(e.g., Yanai et al., 1968; Nitta, 1970; Liebmann and Hendon, 1990). These MRG-related
dynamical variations are often coupled to convection around the date line (e.g., Takayabu
and Nitta, 1993; Dunkerton and Baldwin, 1995; Wheeler and Kiladis, 1999; Kiladis et al.,
2009). Some works have further revealed that MRGs tend to transition into tropical depression
(TD)-type disturbances with shorter wavelength, more upright vertical structure, and stronger
dynamics—convection coupling over the western Pacific as they propagate westward in a large-
scale environmental convergence zone (e.g., Takayabu and Nitta, 1993; Sobel and Bretherton,
1999; Zhou and Wang, 2007). Thus, observational characteristics of MRGs have been greatly
accumulated by detailed analyses in the Pacific region.

While tropospheric MRGs propagating over the Indian Ocean (10) have had much less
attention compared to the Pacific, several observational and numerical modeling studies have
suggested that MRGs are prominent in initiation processes of the MJO in the 10. Using the
in-situ observations from the MISMO field campaign (Yoneyama et al., 2008), Yasunaga et al.

(2010) have found meridional wind variations associated with MRGs especially trapped in
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the mid-troposphere and related moisture resurgence before an MJO convective outbreak.
During the DYNAMO campaign (Yoneyama et al., 2013), the contributions of MRGs to
MIJO initiation have also been confirmed in the modulation of moisture fields through dry air
intrusion (Kerns and Chen, 2014) and in vertical and horizontal moisture transport (Chen et al.,
2015; Muraleedharan et al., 2015). Moreover, to understand the intrinsic initiation mechanism
of the MJO, Takasuka et al. (2018) conducted long-term aqua-planet experiments using the
Nonhydrostatic Icosahedral Atmospheric Model (NICAM) and suggested the importance
of mid-tropospheric moistening by cross-equatorial shallow circulations for triggering MJO
convection. This result implies that MRGs may have an essential role in MJO initiation,
although only limited observational case studies have demonstrated the relationship between
the MJO and MRGs.

It has also been pointed out that MRGs act on MJO propagation. Straub and Kiladis
(2003) and Yang and Ingersoll (2011) have proposed that MJO convection can be the packet of
convectively coupled MRGs with eastward group velocity of ~ 5 m s~! which is almost equal
to the MJO propagation speed (Wheeler and Kiladis, 1999), a hypothesis that is consistent
with the MJO’s multi-scale structure (e.g., Nakazawa, 1988). Combining this hypothesis with
the aforementioned insight about the impacts of MRGs on MJO initiation, I come up with an
idea that MRGs may be key to unified interpretation of the initiation and the start of eastward
propagation of MJO convection.

In this chapter, the above idea is validated mainly by the detailed analysis of an MJO
event initiated in late December 2017 during the intensive observation campaign, the Years
of the Maritime Continent (YMC)-Sumatra 2017. Specifically, I show that MRGs actu-
ally contribute to MJO initiation and propagation through wave—convection coupling, mid-
tropospheric moistening, and associated successive lower-tropospheric wave packet formation.
This chapter is organized as follows. In Section 2.2, the observational data used in this study
are described. Section 2.3 provides an overview of the MJO and synoptic-scale wave ac-
tivities observed in YMC-Sumatra 2017. The specific processes of the MJO initiation and

propagation driven by MRGs are clarified in Section 2.4. Section 2.5 discusses potential for
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robustness of the revealed MRG-related mechanism and comparison with another process,

and the summary is given in Section 2.6

2.2 Data

YMC-Sumatra 2017 was conducted from 16 November 2017 to 15 January 2018. T utilize
3-hourly radiosonde observations from the research vessel (R/V) Mirai stationed at 4.24°S,
101.52°E from 0700 LT 5 December to 1300 LT 1 January (LT; local time). I use 6-hourly
atmospheric data from ERA-Interim (Dee et al., 2011) for the entire observation period of
YMC-Sumatra 2017. The dataset has a horizontal resolution of 0.5°x 0.5°, with 27 vertical
layers spanning 1000-100 hPa. Convective signals are captured by 6-hourly precipitation of
the Global Satellite Mapping of Precipitation (GSMaP; Okamoto et al. (2005)) product and the
infrared channel brightness temperature (TBB) of the Gridded Satellite (GridSat-B1; Knapp
etal. (2011)) data with a 0.1°x 0.1° and about 0.07°x 0.07° horizontal resolution, respectively.
Anomaly fields are defined as deviations from the 27-day mean from 5 to 31 December, which
effectively removes the December climatology and the interannual variability. To monitor
MJO activity, [ use two independent MJO indices: Real-time Multivariate MJO (RMM) index
(Wheeler and Hendon, 2004) and the bimodal tropical intraseasonal oscillation (BISO) index
(Kikuchi et al., 2012). Note that the latter is derived from only equatorial (30°S-30°N) OLR
anomalies.

To discuss my target processes in other MJO events in Section 2.5, I also use another
in-situ observational data and the above products from 1 October to 30 November 2011 during
the DYNAMO campaign (Yoneyama et al., 2013). For the former, 3-hourly radiosonde obser-
vations at Gan Island (0.7°S, 73.2°E) from 0000 UTC 1 October to 2100 UTC 30 November
are utilized. Anomalies for this period are calculated by subtracting the corresponding 62-day

mean.
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2.3 Overview of the MJO and synoptic-scale wave activities

The slow eastward propagation of two large-scale precipitation systems is evident in a
time—longitude diagram of 10°S—10°N precipitation from November 2017 to January 2018
(Fig. 2.1a). These systems can be regarded as active MJO events, denoted with MJO1 and
MIJO2, as inferred from the two MJO indices (Fig. 2.1b). Although the amplitude of the
BISO index is not so strong until around 10 December, both the RMM and BISO indices show
smooth phase progression to phase 8 with amplitudes more than unity around 20 December,
indicating that MJO1 is active. The BISO index passes into phase 1 on 24 December and
evolves the subsequent phases with significant amplitudes to mid-January. In fact, around
21-25 December, the convection develops roughly over 40°—60°E and starts to propagate
eastward in association with MJO2 (Fig. 2.1a). The RMM index has similar characteristics,
but tends to be predated by the BISO index.

The intensive observations from R/V Mirai captured the MJO-suppressed phase leading
to the MJO2 realization. Therefore, I can examine characteristics of synoptic-scale distur-
bances in the MJO2 initiation processes using the radiosonde-derived data at R/V Mirai.
Meridional winds have clear spectral peaks at 5—-6 days over 600—-450 hPa, where zonal winds
also have large power spectra (Fig. 2.1c). There is another spectral peak around 4-5 days
in both 1000-800-hPa zonal and meridional winds. Hence, wind variations with rotational
components were observed in the 4—6-day cycle in the mid- to lower troposphere around R/V
Mirai.

The vertical and horizontal structure of these fluctuations are further examined. Figure
2.2a shows the time—height section of radiosonde-derived meridional (shading) and zonal
wind anomalies (contours) filtered for 3.5-7-day periods using a Lanczos filter (Duchon,
1979) with a filter length of 25 days. Mid-tropospheric meridional wind signals are evident
especially after 10 December, and they are almost in quadrature with zonal wind signals. This
corresponds to very clear cross-equatorial circulations as shown in the time-latitude section

of mid-tropospheric wind fields at 101.5°E (Fig. 2.2b), which is consistent with the MRG
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Figure 2.1: (a) Time—longitude diagram of 10°S—10°N averaged precipitation. Ellipses indicate two
MJO events. The vertical line connecting black (magenta) circles denotes the longitude and period
of the intensive observation (at R/V Mirai). (b) Phase diagram of RMM (broken) and BISO (solid)
indices from 15 November 2017 to 15 January 2018, with every 3 days plotted as black circles and cross
marks, respectively. (c) Power spectral density of radiosonde-derived meridional (shading) and zonal
(contours) winds at R/V Mirai. Contour interval is 1.5 m? s72 (27d)~".

horizontal structure in dry shallow water systems (Matsuno, 1966). It is also found that lower-
tropospheric meridional winds have an equatorially symmetric feature until 10 December and
after 15 December. As for the wind fluctuations after 15 December, I can say that MRGs are
active in mid- to lower-troposphere, and their vertical structure is largely inclined eastward to
the mid-troposphere. Note that this is similar to the structure of the fast-propagating MRG

shown later (see Fig. 2.5b).
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Figure 2.2: (a) Time—height section of radiosonde-derived meridional (shading) and zonal wind anoma-
lies (contours) filtered for 3.5-7-day periods at R/V Mirai. Contour interval is 2 m s~!, with negative
(zero) values dashed (bolded). (b) Time-latitude section of 3.5-7-day filtered meridional wind anoma-
lies over 1000-800 hPa (shading) and horizontal wind anomalies over 600400 hPa (vectors; m s™') at
101.5°E. The magenta broken line denote the latitudinal location of R/V Mirai.

2.4 Impacts of MRGs on the MJO initiation and propaga-
tion
2.4.1 Processes leading to MJO realization

Figure 2.3a displays the time—longitude diagram of 3.5-7-day-filtered equatorial merid-
ional wind anomalies averaged over the 600—400-hPa layer; the non-filtered precipitation field
is also plotted. Meridional wind signals associated with MRGs propagate westward from the

active convective areas around 120°E, which are related to MJO1 over the Maritime Conti-
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Figure 2.3: (a, b) Time—longitude diagram of filtered 600—400-hPa meridional wind (24-h running mean
CWYV) anomalies (shading) and precipitation with 0.8 mm hr~! (filtered 1000-800-hPa meridional wind
anomalies with +£0.75 m s™!) (contours). CWV and all other values are averaged over 10°S—10°N and
5°S-5°N, respectively. Purple ellipses enclose the MJO2 event and red dashed lines denote its initiation.

nent, and they are more active over the 10 after 15 December. Notably, the MJO2 initiation
on 22 December, defined as the enhancement of precipitation, occurs around the time when
mid-tropospheric meridional wind anomalies amplify after a slowdown of their westward
phase speed in 60°-70°E. As will be shown in the following subsection, this slowdown is
caused by zonal wavelength shortening. In Fig. 2.3b, which shows 24-hour running mean
equatorial CWV and filtered 1000-800-hPa meridional wind anomalies, moisture signals are
enhanced in conjunction with westward propagation of southerlies in 50°—60°E during 20-22
December, and northerlies are newly formed around 60°E on 22 December. Subsequently, this
wave packet development continuously precedes the center of convection or moist anomalies
associated with MJO2, which strongly suggests that the MRG group velocity can drive MJO2
propagation over the 10.

To explore the horizontal distributions of convection and moisture before MJO2 initiation,

snapshots of TBB, precipitation, and CWV anomalies during 16-22 December are plotted in
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Figure 2.4: Snapshots of TBB (gray), precipitation (color), and positive CWV anomalies (contours) at
00Z (a) 16, (b) 18, (c) 20, and (d) 22 December. Contour interval is 7 kg m~2.

Fig. 2.4. On 16 December, convective activities over the IO have equatorially antisymmetric
features around 60°E, 10°S and 75°E, 5°N (Fig. 2.4a). In particular, active convection with
moisture around 75°E, 5°N propagates westward and is further enhanced in 50°-60°E on 20
December (Figs. 2.4a,c). This suggests a strong coupling between the convection and the
MRG. Considering its timing, this behavior is reminiscent of the relationship with the phase
speed change of mid-tropospheric MRGs (Fig. 2.3a). Subsequently, MJO2 is realized as the
convective development over 10°S—0°, 45°—60°E (Fig. 2.4d). Note that active convection
around this region can be found in the boreal winter MJO composite in phase 1 by Wheeler
and Hendon (2004) and Kikuchi et al. (2012).

In summary, the modulation of wave—convection coupling associated with the phase
speed change, along with the subsequent wave packet formation, can lead to MJO2 initiation
and propagation. I next examine these elements, focusing on the wave structure change, eddy

kinetic energy (EKE) and moisture variations, and MRG-induced convective triggering.
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2.4.2 Tight coupling between MRGs and convection

I compare dynamical and moisture fields between fast- and slow-propagating MRGs in
Figs. 2.5a and 2.5b. The horizontal structure (Fig. 2.5a) of filtered 600—400-hPa winds and
1000-800-hPa meridional winds shows that the wavelength is shorter for the slow mode than
the fast mode, especially in the mid-troposphere. This is also confirmed in Fig. 2.6a, which
shows a time evolution of the mid-tropospheric MRG characteristics such as the mean-flow
(i.e., 11-day running mean 600—400-hPa zonal winds averaged over 10°S—10°N, hereafter
u) relative westward phase speed along a node near lines A and B (Fig. 2.6b) and the
zonal wavenumber estimated from the wavelength defined as twice the distance between
the maximum and minimum meridional wind phase lines (Fig. 2.6b). I recognize that a
decrease in the phase speed begins at almost the same time as an increase in the wavenumber.
This indicates a causal relationship between phase speed change and wavelength shortening.
Another structure change in Fig. 2.5a is that the location of the low-level meridional wind
maximum is closer to that of the mid-level maximum, and moist anomalies to the north are
more enhanced in the slow mode. These characteristics are clearer in the vertical structure
(Fig. 2.5b): the dynamical structure is more upright (but with eastward tilting maintained) and
the more upper troposphere up to 400 hPa becomes moistened with stronger ascent during the
slow propagation. As expected, the dynamics in the slow mode is tightly coupled to moisture
and convection.

As introduced in Section 2.1, similar phase speed change and strong wave—convection
coupling due to the wave contraction, known as the MRG-TD transition, have been observed
to the west of the dateline (e.g., Takayabu and Nitta, 1993; Sobel and Bretherton, 1999; Zhou
and Wang, 2007). Because they have not yet been reported for the western 10, I speculate as to
what triggers wavelength shortening. One candidate that I found is the basic zonal convergence
for zonally propagating waves. Figures 2.6a and 2.6b show the time-longitude diagram of
du/dx and time series of du/dx at nodes of the mid-tropospheric MRG, respectively. MRG

westward phase speeds (zonal wavenumbers) begin to decrease (increase) in the weak zonal
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Figure 2.5: (a) Horizontal structure of filtered 1000-800-hPa meridional wind (shading) and 600—400-
hPa horizontal wind (vectors; m s~!) anomalies, and CWV anomalies (contours), averaged along the solid
lines A (top) and B (bottom) in Fig. 2.3a. Contour interval is 3 kg m~2, with negative (zero) contours
dashed (omitted). (b) Similar to (a), but longitude—height section of filtered meridional (shading) and
zonal-vertical (vectors; m s~! and Pa s™! for horizontal and vertical components, respectively) winds,
and specific humidity (contours). Meridional winds and all other values are averaged over 5°S—5°N and
0°-10°N, respectively. Contour interval is 0.5 g kg~'. The vertical p-velocity in vectors is multiplied
by 500.

convergence region of S0°E-70°E. This behavior is qualitatively consistent with the linear
wave theory (Lighthill, 1978), although a WKB assumption is not rigorously satisfied.

To grasp a source of the mid-level convergence around the western 10, I check 11-day
running mean equatorial dynamical and moisture fields associated with the Walker circula-
tions. Figure 2.7 shows 11-day running mean Walker circulation components of zonal and
vertical winds and specific humidity averaged over 10°S—10°N. The Walker circulation com-
ponents are defined as the deviations from the zonal mean of each field. Convective activities
are suppressed over the IO during the period of 10—15 December, paired with the top-heavy
upward motions around 100°-120°E associated with MJO1 (Fig. 2.7a). Meanwhile, by 20
December, large-scale ascent and moist signals develop to the mid-troposphere (600—400 hPa)

in the IO, and the related easterly outflows can be seen in 70°-80°E (Fig. 2.7b). In addition,
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Figure 2.6: (a) Time—longitude diagram of du/dx (shading) and 5°S-5°N averaged and filtered 600—
400-hPa meridional wind anomalies with +1 and +2 m s~! (contours). (b) Time series of 24-hour
running mean zonal wavenumber (black solid) and flow relative westward phase speeds (dashed), and
du/dx at nodes of the mid-tropospheric MRG (red solid).

600—400-hPa easterlies in S0°E-60°E are weaker relative to the central 10. Hence, the weak
zonal convergence zone is formed in the mid-troposphere of S0°E-70°E (Fig. 2.5¢), leading

to the modulation of MRGs.

2.4.3 MRG wave packet formation and the start of MJO propagation

The convective development associated with MJO?2 initiation occurs almost at the same
time as the formation of equatorial northerlies of an MRG wave packet around 60°E (Figs.
2.3band 2.4d). In fact, I confirm the enhancement of the filtered low-level cyclonic circulation
in 10°S-0°S, 45°—60°E on 22 December (Fig. 2.8a), which suggests dynamics-convection
coupling. To evaluate why MRG-related northerlies are newly formed, I conduct the EKE

budget analysis (e.g., Seiki and Takayabu, 2007) as follows:

P.K,
—_—
oK’ —_— _ , R .
—— ==V, (V-V)V,-V.-VK' - V". VK’ = —'T" =V - (V@) +(Resid.) (2.1)
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Figure 2.7: Longitude—height sections of 11-day running mean p-velocity (shading), specific humidity
(contours), and zonal-vertical winds (vectors; m s~! and Pa s™! for horizontal and vertical components,
respectively) associated with Walker circulation components defined as the deviations from zonal mean.
All values are averaged over 10°S—10°N (a) from 00Z 10 to 15 December and (b) from 00Z 15 to 20
December. Contour interval is 0.3 g kg~!, with negative (zero) contours dashed (omitted). The vertical
p-velocity in vectors is multiplied by 500.

where K’ = (ﬁ + \72)/2 is the EKE associated with MRG waves; V and V), are three-
dimensional and horizontal wind vector, respectively; w is vertical p-velocity; T is tempera-
ture; @ is geopotential; and R is gas constant. Overbars and primes denote 11-day running
mean and 3.5-7-day-filtered values, respectively. The physical meanings of each term on
the right-hand side in Eq. (2.1) are briefly described; K,,K, is barotropic conversion from
the background to EKE; A,,K, and A.K, are EKE advection by background and eddy flows,

respectively; P.K, is baroclinic conversion from eddy available potential energy (EAPE);
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GK, is EKE redistribution associated with the work done by the pressure gradient force; and
the last term (Resid.) is a residual including sub-grid scale diffusive processes. The EKE
source and sink terms are K,,K,, P.K,, and the residual, and all the other terms contribute to
redistributing EKE.

The anomalous 1000-800-hPa EKE tendency during 20-22 December is positive in
5°S-5°N, 60°—65°E (red square in Fig. 2.8a), consistent with the development of low-level
northerlies. EKE budget terms averaged over that period and region suggest the dominance
of geopotential eddy flux convergence (GK,) (Fig. 2.8b). However, the GK, process is only
a redistribution of EKE, not its source. Here, it is thought that EKE is generated in the
mid-troposphere and redistributed to lower-level fields. The 600-400-hPa EKE tendency
anomalies are significantly positive in 5°S—-5°N, 45°-60°E (blue square in Fig. 2.8a). This
comes from the conversion from EAPE (P.K,) due to strong wave—convection coupling as
well as GK, (Fig. 2.8b), which overcomes large negative residual anomalies due to unresolved
strong dissipation partly associated with cumulus friction. In addition, the mid-level EKE
positive tendency maximum is to the west of the low-level one (Fig. 2.8a). This confirms that
the slow MRG, which is vertically tilted eastward to the mid-troposphere, has downward and
eastward energy dispersion (Fig. 2.8b); the lower-tropospheric wave packet formation is the
result of efficient production of mid-level EKE.

Another essential feature for MJO?2 realization is a basin-scale moistening and atmo-
spheric overturning. Figure 2.8c shows the time-height section of 5-day running mean
moisture tendency and vertical p-velocity anomalies averaged over 10°S—10°N, 60°-90°E.
There are large positive tendency anomalies over 600—400 hPa on 15-17 December prior to
bottom-to-middle moistening and ascent. Hence, the mid-tropospheric moisture resurgence
helps make conditions favorable for the convective development over the 10 in late Decem-
ber. According to the moisture budget analysis for this region and period (Fig. 2.9a), this
mid-tropospheric moistening comes primarily from meridional advection and secondarily
from column processes as the sum of vertical advection and residual terms. Figures 2.8d and

2.9b show that the mid-tropospheric equatorial IO has positive horizontal advective tendencies
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Figure 2.8: (a) 1000-800-hPa (shading) and 600—400-hPa (contours) EKE tendency anomalies averaged
from 00Z 20 to 22 December, and filtered 1000-800-hPa horizontal wind anomalies on 00Z 22 December
(vectors; ms~!). Contour intervalis 0.15m™2 s~ d~!, with negative (zero) contours dashed (omitted). (b)
(red) 1000-800- (blue: 600—400-) hPa anomalous EKE budget terms averaged over 5°S-5°N, 60°-65°E
(45°=60°E) from 00Z 20 to 22 December. (c) Time-height sections of 5-day running mean moisture

tendency (shading) and vertical p-velocity anomalies (contours) averaged over 10°S—10°N, 60°—90°E.

1

Contour interval is 0.006 Pa s™, with positive (zero) contours dashed (bolded). (d) Horizontal moisture

advection anomalies by filtered winds (vectors; m s~!) and non-filtered winds (shading and hatched),
and raw values of water vapor with 3.0 and 4.5 kg m~2 (navy and magenta contours), averaged over
600—400 hPa from 00Z 15 to 17 December. Hatched ares have more than 0.3 kg m=2 d~!.

mainly by cross-equatorial flows from off-equatorial humid regions (e.g., 0°~10°N, 60°-80°E)
associated with MRG shallow circulations, or broadening of moistened areas around the IO.
This is consistent with a preconditioning process in the aqua-planet MJO study by Takasuka
et al. (2018).

The relationship between MJO2 propagation and the continuous MRG wave packet
formation is seen clearly in horizontal maps. Figure 2.10 displays snapshots of TBB, CWYV,
and filtered low-level winds and convergence with certain strength every 2 days from 00Z 24

December. Southerlies associated with an anticlockwise circulation around 60°-70°E on 24
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Figure 2.9: (a) 5-day running mean 600—400-hPa anomalous moisture budget terms averaged over
10°S-10°N, 60°-90°E from 00Z 15 to 17 December. "Column" means the column process, the sum
of vertical advection and residual terms. (b) Latitude—height section of horizontal moisture advection
anomalies by 3.5-7-day-filtered winds (vectors; m s™' and Pa s™! for horizontal and vertical components,
respectively) and non-filtered winds (shading and hatched), and specific humidity anomalies (contours)
averaged over 60°—80°E from 00Z 15 to 17 December. Hatched are the areas with more than 0.14 g
kg=! d ~!. Contour interval is 0.5 g kg~!, with negative (zero) contours dashed (omitted). The vertical

p-velocity in vectors is multiplied by 700.

December induce convergence A* (Conv-A*) and convective system A (CS-A) is developed by
26 December. At the same time, northerlies of a newly formed clockwise circulation enhance
Conv-B* to the east (Fig. 2.10b), which leads to organized CS-B on 28 December (Fig.
2.10c). Similarly, Conv-C* is realized with cross-equatorial southerlies in 80°~90°E and leads
to developed CS-C on 30 December, and Conv-D* is also induced by northerlies (Fig. 2.10d):
the eastward amplification of low-level flows related to the MRG group velocity effectively
triggers convective systems to the east, one after another, and the group of subsequent triggered

and organized systems propagates eastward slowly at MJO spatial scales.

2.5 Discussion
2.5.1 Potential for robustness of the MRG-related processes

In previous sections, the roles of MRGs in MJO convective initiation and propagation

over the 10 are highlighted for only one case. To discuss potential for robustness of this
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Figure 2.10: Snapshots of TBB (shading), anomalous CWV (contours), and filtered 1000-800-hPa
horizontal wind (vectors; m s~!) and convergence anomalies (hatched) from 00Z 24 to 30 December.

Contour interval is 7 kg m~2, with negative (zero) contours dashed (omitted). Hatched are the areas with
less than —1.0 x 107 s7!. Letters A-C and A*-D* denote developed CSs building MJO2 convective
envelopes and convergence leading to developed CSs, respectively.

perspective, I compare MJO2 with two additional MJO events in October—November 2011
(Oct-MJO and Nov-MJO) during the DYNAMO campaign. The reason for selecting these
cases is that they are obviously initiated in the western IO as with MJO2 during YMC-
Sumatra 2017 and I can use in-situ observational data. Figure 2.11a displays a time—longitude
diagram of 10°S—10°N averaged precipitation from October to December 2011. I find two
dominant MJO convective envelopes from the western 10 to the Maritime Continent. In Oct-
MIJO, MJO convection is initially triggered around 17 October (blue dashed line) but actually
starts eastward propagation several days later (22 October; first red dashed line). Nov-MJO
convection smoothly propagates eastward after it is triggered around 50°E on 17 November
(second red one).

To examine whether dynamical variations associated with MRGs are observed, Figs.
2.11b and 2.11c show power spectral density of 3-hourly radiosonde-derived meridional wind

at Gan Island in October and November, respectively. Meridional wind variations with about
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Figure 2.11: (a) Time-longitude diagram of 10°S—10°N averaged precipitation from October to De-
cember 2011. Ellipses indicate two MJO events. The vertical line denotes the longitude of Gan Island.
Oct-MJO convection is initially triggered on 17 October (blue dashed line) and starts eastward propaga-
tion on 22 October (first red dashed line), and Nov-MJO convection is initiated on 17 November (second
red dashed line). (b, c) Power spectral density of radiosonde-derived meridional wind at Gan Island in
October (November). (d) Time-height section of 24-hour running mean meridional wind anomalies at
Gan. Anomalies are defined as deviations from (right) a mean profile for the October—November period.

a 6-day cycle are prominent over 500-400 hPa in October, although it is difficult to detect
robust peaks in other domains (Fig. 2.11b). Meanwhile in November, strong peaks at 4-8
days in the troposphere are clearly detected, and upper-tropospheric (less than 400 hPa) wind
variations are more obvious than the YMC-Sumatra 2017 case (Figs. 2.11c and 2.1c). These
characteristics are also recognized in a time—height section of non-filtered meridional wind
anomalies at Gan (Fig. 2.11d); wind variations with a specific cycle are especially seen in
the mid- to upper troposphere before Oct-MJO initiation (black square in Fig. 2.11d), and
they are clearer in the whole troposphere around Nov-MJO event. Hence, I expect that MRG
activities can affect both MJO initiation more or less.

Based on the above observations, I display similar figures to Fig. 2.3 for Oct-MJO

(Figs. 2.12a,b) and Nov-MJO (Figs. 2.12¢,d), except for using 24-hour running mean values
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Figure 2.12: As in Fig. 2.3, but for (a, c¢) 3.5-8-day-filtered 600-400-hPa meridional wind anomalies

(shading) and (b, d) 24-hour running mean (3.5-8-day-filtered) 1000-800-hPa meridional wind anoma-

1

lies (contours). Contours in (a) and (c) are precipitation with 1.2 and 0.8 mm hr™", respectively. Contours

in (b) and (d) are denoted with +1.5 and +0.75 m s™!, respectively.

in 1000-800-hPa meridional winds in October (Fig. 2.12b) because of little evidence for
specific periodicity, and 3.5-8-day filtered ones in all other meridional wind fields. In both
events, lower-tropospheric westward-propagating meridional wind signals appear to trigger

MIJO convection on 17 October and November (Figs. 2.12b,d) after slowdown of westward
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propagation of mid-tropospheric MRGs over the western IO around 10 October and 15
November (Figs. 2.12a,c), although the case in October is not as evident as in November. As
for the MJO propagation, the lower-tropospheric MRG wave packet formation precedes the
center of moist anomalies over the IO especially in Nov-MJO and faintly even in Oct-MJO
(Figs. 2.12b,d). Note that the wave packet of westward-propagating signals in the lower-
troposphere around 17 October continuously develops to the east, but that moist anomalies
associated with Oct-MJO start to propagate eastward several days after this initial convective
triggering (Fig. 2.12b). The above results suggest that the MJO-MRG relationship is observed
to some extent in other MJO events and not limited during YMC-Sumatra 2017.

I now focus on Nov-MJO because that event has highly similar characteristics to MJO?2.
In Figs. 2.13a—c, which are the same as Fig. 2.4 but for the processes to Nov-MJO initiation,
convective triggering via low-level southerlies in cross-equatorial circulations is confirmed.
The modulation in the vertical structure associated with the westward phase speed change of
MRGs shown in Fig. 2.12c is displayed in Fig. 2.13d in the same way as Fig. 2.5b. While
the lower-tropospheric signals seem to be independent from upper-tropospheric ones in the
fast-propagating mode, the slow-propagating mode shows more upright (but eastward tilted)
structure, stronger ascent in the mid- to upper troposphere around the composite center, and
enhanced lower-tropospheric northerlies to the east. The wave contraction is more evident
in the higher layer (e.g., 400-300 hPa), which corresponds to the fact that background zonal
convergence is in that layer of the western 10 (Fig. 2.13e). These processes are basically
consistent with a view in YMC-Sumatra 2017, except for the difference in the altitude where

MRG modulation is obvious.

2.5.2 Comparison with the roles of equatorially circumnavigating Kelvin

waves

Since MJO2, Oct-MJO, and Nov-MJO follow previous events (Fig. 2.1a and Yoneyama
et al., 2013), I especially look into the roles of equatorially circumnavigating Kelvin waves

in MJO initiation in comparison with my proposed mechanism. Figures 2.14 and 2.15
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Figure 2.13: (a—c) Similar to Fig. 2.4, but 3.5-8-day-filtered 1000—800-hPa horizontal wind anomalies
are also displayed with vectors (m s~!) at 00Z (a) 13, (b) 15, and (c) 17 November. Contour interval is
6 kg m~2. (d) As in Fig. 2.5b, but all fields are averaged along the solid lines A (top) and B (bottom) in
Fig. 2.12c. Specific humidity anomalies (contours) are averaged over 0°~5°N. Contour interval is 0.8
kg m~2. The horizontal red and green dashed lines denote the estimated MRG half-wavelengths. (e) As
in Fig. 2.5c, but for 400-300 hPa. Contours are denoted with +0.9 and +1.8 ms~!.

show time—longitude diagrams of 850- and 200-hPa zonal wind and sea level pressure (SLP)
anomalies averaged over 10°S—10°N during DYNAMO and YMC-Sumatra 2017 campaign,
respectively. Because 850-hPa zonal convergence and negative SLP anomalies associated with
Kelvin waves are not in phase with initial convective triggering in all MJO cases (blue and
second red lines in Fig. 2.14 and red one in Fig. 2.15), low-level MRGs dominantly contribute
to dynamical triggering of MJO convection as mentioned before. However, the Kelvin-
wave-induced modulation of large-scale circulations can make favorable condition for deep
organized convection, as suggested by the fact that Oct-MJO starts eastward propagation as
upper-level convergence is gradually relaxed in accordance with Kelvin-wave propagation (Fig.
2.14b). The importance of circumnavigating Kelvin waves in starting eastward propagation
of Oct-MJO convection after convective triggering has already been reported by Zhang et al.
(2017). Powell and Houze (2015a) also suggest that reduction in subsidence due to large-scale

Kelvin waves helps shallow-to-deep convective development leading to MJO realization.
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Figure 2.14: (a) 850-hPa and (b) 200-hPa zonal wind anomalies, and (c) mean sea level pressure
anomalies averaged over 10°S—10°N. Thick solid contours denote zero contours, and thick green lines

represent the MJO onset region and date.

2.6 Summary and concluding remarks

Using the radiosonde observation and reanalysis data obtained during YMC-Sumatra
2017, T have discovered an MJO convective initiation and propagation mechanism in which
MRGs have a key role. One feature of this mechanism is the lower-tropospheric MRG wave
packet formation that leads to the convective enhancement in the southwestern IO. This wave
packet formation is due to a tight wave—convection coupling triggered by zonal wavelength
shortening for an MRG propagating over the central IO. The wave contraction is associated
with the mid-tropospheric weak convergence of a large-scale zonal circulation, and the con-
tracted MRG efficiently generates EKE in the mid-troposphere and disperses it downward
and eastward around the western 10. Another notable feature is basin-scale mid-tropospheric
moistening due to MRG shallow circulations in the MJO-suppressed phase, which makes
conditions favorable for MJO convective development. Consequently, MJO convection starts
to propagate at the MRG group velocity via MRG-induced successive convective triggering

to the east.
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The above MRG-related processes are also confirmed in other two MJO events during
DYNAMO campaign (Oct-MJO and Nov-MJO), although I should note that they are not
as evident in Oct-MJO as MJO2 and Nov-MJO. In Nov-MJO, quite similar to MJO2, one
difference is that MRG propagation and contraction over the IO is evident in the more upper
troposphere, which suggests that the altitude where MRG modulation is especially obvious
can be arbitrary to some extent in the middle-to-upper troposphere.

For comparison with pre-existing mechanisms of MJO initiation, I especially examine
the comparative roles of MRGs and circumnavigating Kelvin waves. While MRGs play a
direct role in dynamical triggering of MJO convection, Kelvin waves can contribute to setting
appropriate environments for MJO realization, inferred from the fact that Oct-MJO starts
eastward propagation as upper-level convergence is gradually relaxed in accordance with
Kelvin-wave propagation. As for the propagation, my standpoint is theoretically close to
that of Majda and Stechmann (2009b) and, more specifically, to that of Yang and Ingersoll
(2011). Although Yang and Ingersoll (2011) concluded that the MRG wave packet does not
explain a large fraction of the MJO structure in OLR fields, I still believe it is worth revisiting
the MJO-MRG relationship by focusing on dynamical fields, because MRG dynamics is

helpful enough to trigger MJO convection to the east. In fact, the potential importance of
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triggered convection in the MJO is implicated in Yang and Ingersoll (2013, 2014). This does
not deny that the organization and maintenance of triggered convection can be affected by
large-scale low-frequency physics implemented in a quasi-equilibrium framework such as the
moisture-mode theory.

The proposed mechanism covers a classical view that MJO convection comprises west-
ward convective disturbances (Nakazawa, 1988) and insights from the long-term aqua-planet
simulation (Takasuka et al., 2018). Thus, in the next chapter, the generality of the dynamical

roles of MRGs in MJO realization during boreal winter in 1982-2012 will be discussed.
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The contents of this chapter were submitted to Journal of the Atmospheric Sciences as
follows: "Dynamical Roles of Mixed Rossby—Gravity Waves in Driving Convective

Initiation and Propagation of the MJO: General Views".
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The contents of this chapter will be submitted to Journal of Climate as follows:
"Diversity of Initiation Regions of the MJO Associated with the Mutual Relationship

Between the Intraseasonal and Low-frequency Variability".
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In this study, the cross-scale interaction in the realization processes of the Madden—Julian
oscillation (MJO) has been explored to provide new views to our major understanding of MJO
initiation and propagation which mainly focuses on large-scale intraseasonal variations. In
particular, I have examined (i) the robust roles of synoptic-scale equatorial waves in the
initiation and the start of eastward propagation of MJO convection in the Indian Ocean
(Chapters 2 and 3), and (ii) the mechanism of the modulation of MJO initiation regions and
common characteristics of MJO initiation processes which do not depend on where the MJO
is initiated in terms of the mutual relationship between the intraseasonal and interannual
variability (Chapter 4). This chapter summarizes the main results in Chapters 2, 3 and 4, and
discusses relationship among those chapters, implications for the previous studies, and future

perspectives.

5.1 Summary

Chapter 2: Observational Evidence of Mixed Rossby—Gravity Waves as a

Driving Force for the MJO Convective Initiation and Propagation

I propose a new mechanism for MJO convective initiation and propagation in the Indian
Ocean (IO) in which mixed Rossby—gravity waves (MRGs) play a significant role, mainly
based on observational data analyses of an MJO event initiated in December 2017 during
the field campaign of the Years of the Maritime Continent (YMC) Project. The intensive
observation has captured mid-tropospheric wind variations associated with MRGs, and the
westward propagation of those signals has been confirmed over the IO in the MJO-suppressed
phase. The transition to the MJO-active phase follows (i) tight MRG—convection coupling,
which is enhanced when the wavelength becomes shorter due to weak midlevel convergence
in the western IO, and (ii) basin-scale anomalous mid-tropospheric moistening due to shallow
circulations associated with MRGs. These two processes lead to the lower-tropospheric MRG
wave packet formation and successive triggering of MJO convection via MRG dynamics with
its eastward group velocity (~ 5 m s~!), which results in the subsequent convective propagation

of the MJO.
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To discuss potential for robustness of this MJO-MRG relationship, the two additional
MJO cases initiated in October and November 2011 during the dynamics of the MJO (DY-
NAMO) field campaign are further analyzed. The roles of MRGs in convective triggering
for MJO initiation and propagation are especially confirmed in the MJO event in November,
although they are weakly recognized in the October event. Notably, an equatorially circum-
navigating Kelvin wave appears to contribute to help MJO convection for the October event

begin to propagate eastward.

Chapter 3: Dynamical Roles of Mixed Rossby-Gravity Waves in Driving

Convective Initiation and Propagation of the MJO: General Views

Using observational daily data of atmospheric and sea surface temperature (SST) fields,
I statistically explore how robust and necessary the MJO-MRG relationship proposed in
Chapter 2 is. MJO events initiated in the IO during boreal winter (DJFM) in 1982-2012 are
objectively identified solely using outgoing longwave radiation data. The lagged-composite
analysis of detected MJO events demonstrates that MJO convection is initially generated in
the southwestern 10 (SWIO), where strong MRG—convection coupling is statistically found.
Further classification of MJO cases in terms of intraseasonal convection and MRG activities
in the SWIO suggests that 26 of 47 cases are related to more enhanced MRG activities than any
other convectively coupled equatorial waves. For those MRG-enhanced MJO events, MJO ini-
tiation is characterized as convective triggering by low-level MRG circulations which develop
via the enhancement of downward energy dispersion in accordance with upper-tropospheric
baroclinic conversion processes. This is supported by the modulation of MRG structure asso-
ciated with zonal wave contraction due to upper-tropospheric zonal convergence, and plentiful
moisture advected into the western 10. Following this MRG-induced convection in the SWIO
and mid-tropospheric pre-moistening in the IO caused by MRG shallow circulations as well
as intraseasonal winds during the MJO-suppressed phase, low-level MRG winds with east-
ward group velocity successively trigger convection to the east, which helps MJO convective

propagation in the I10.
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The comparison between the MRG-enhanced events and all others suggests that in-
traseasonal cross-equatorial circulations during the MJO-suppressed phase in the 10, which is
possibly originated from the equatorial asymmetry of background convective activities, may
be the source of MRGs. Whether the MRG-related processes are effective or not may depend
on the strength in this asymmetry modulated by the low-frequency variability and seasonal

march.

Chapter 4: Diversity of Initiation Regions of the MJO Associated With
the Mutual Relationship Between the Intraseasonal and Low-frequency
Variability

To advance comprehensive understanding of favorable environments for MJO initiation,
the diversity of MJO initiation regions associated with the intraseasonal and interannual
variability has been focused. Based on observation, MJO events initiated over the 10 (I10-
MIJO), Maritime Continent (MC-MJO), and western Pacific (WP-MJO) are targeted. Both
observational data analyses and a seiries of perpetual-boreal-winter experiments with an
atmospheric GCM have revealed that horizontal advective moistening mainly by equatorial
intraseasonal circulations is commonly important before MJO initiation in every region, and
that the modulation of where this moistening process is more likely to work in accordance
with the change in interannually varying SST-forced background circulations is one of reasons
for the variety of MJO source regions. For IO-MJO cases as the canonical MJO under the
climatological background condition, because background ascending motions in the MC—
WP can support intraseasonal convective organization there, resultant convective suppression
around the western MC can lead to advective moistening in the IO by inducing intraseasonal
low-level easterly anomalies. Meanwhile, the MC-MJO cases are more favored under the
eastern-Pacific (EP) El Nifio-like condition, because the SST-induced background suppressed
convection in the eastern MC can cause the eastward shift (by about 30°) of the intraseasonal
circulation and convective pattern seen in [O-MJO cases and result in efficient moistening and

subsequent development of convection around the western MC. The favorableness of WP-MJO
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cases is supported by the central-Pacific (CP) Nifo-like state and the dipole SST structure
in the southern IO. This is because the background convective enhancement in the WP-CP
and suppression in the southeastern 10 and EP can more easily realize selective moistening
in the WP associated with westward intrusion of enhanced disturbances (e.g., equatorial
Rossby waves). The study in this chapter is the first to clarify the detailed mechanism of MJO
initiation outside the IO by noticing the relationship between the intraseasonal and interannual

variability.

5.2 Concluding discussion
Relationship among the chapters

This study has emphasized that considering the hierarchical relationship ranging from
synoptic-scale variations to interannual variabilities is important to the precise and compre-
hensive description of MJO realization. Chapter 4 has shown the two points as follows;
(i) equatorial background circulations which are modulated by the SST-related interannual
variabilities can determine where the establishment of equatorial zonal circulations on the
intraseasonal time scale is fundamentally allowed, and (ii) the established intraseasonal zonal
circulations directly contribute to making a favorable condition for MJO initiation through
moisture accumulation by anomalous horizontal advective moistening. In Chapters 2 and 3, on
a premise that this preferred environment for MJO realization is provided in the IO following
the processes described in Chapter 4, it has been found that synoptic-scale wave disturbances,
specifically MRGs, enhanced within the equatorial intraseasonal zonal circulations play a
crucial role in triggering convection responsible for MJO initiation and propagation as well
as pre-moistening in the 0. Taken together, potential roles of interannual, intraseasonal, and
synoptic-scale variations in the mechanics of the MJO are to affect the existence of equato-
rial intraseasonal zonal circulations related to the MJO, to provide a necessary environment
for MJO realization through allowance of sufficient moistening, and to directly trigger MJO
convection and assist moisture transport in a favorable environment for the MJO, respectively.

If the aforementioned position is taken, it is worthwhile to grasp what kinds of synoptic-
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scale wave disturbances may cause convective triggering leading to MJO initiation in the MC
and WP to connect the perspectives in the three chapters. Although detailed analyses are left
for future work, I now discuss this topic based on the presented results and previous studies.
In horizontal distributions of intraseasonal convective activities before the MC-MJO initiation
(Fig. ??b), large-scale convective suppression associated with the equatorial zonal circulations
found in Fig. ??c is prominent especially in the Southern Hemisphere. In this context, cross-
equatorial southerly anomalies in the lower-troposphere are also recognized around the MC
region (90°-150°E). This equatorial asymmetry of convective fields is probably related to
the background enhanced precipitation in the southern MC in boreal winter, as discussed in
Section ??. Resultantly, active convection is triggered to the north of the equator around 90°E
at day —5 and then organized with expansion to the south. This evolution is reminiscent of
the contribution from MRGs to convective triggering because it resembles the MRG-related
I0-MJO initiation processes revealed in Chapter 3.

MRG-like disturbances are actually detected over the southern MC—northern Australian
region in boreal winter by some previous studies (e.g., Widiyatmi et al., 1999, 2001; Fuku-
tomi, 2019), although they do not point out the relationship with the MJO. Widiyatmi et al.
(2001) have reported westward-propagating convective and lower-tropospheric meridional
wind signals with a zonal wavelength of about 3500 km and periodicities of 3—6 days around
the Indonesian MC area based on the 4-yr in-situ observations. Fukutomi (2019) has also
statistically confirmed this characteristics together with eastward group velocity along the
westerly Australian summer monsoon using the 37-yr atmospheric data. Notably, a zonal
wavelength of those MRG-like disturbances is shorter than typically observed MRGs over the
tropical Pacific ocean (e.g., Takayabu and Nitta, 1993; Wheeler and Kiladis, 1999; Kiladis
et al., 2009), which is a common characteristics to MRGs identified in the southwestern 10
where 10-MJO convection is initially developed (Fig. ??). These circumstantial evidences
suggest that, as with the IO-MJO cases, strong MRG—convection coupling associated with
wave contraction might also trigger the MC-MJO convective initiation.

The WP-MJO convective initiation can be interpreted as the result of the interaction be-
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tween equatorial Rossby waves (ERs) as synoptic-to-intraseasonal disturbances with plentiful
moisture and background low-level zonal convergence (e.g., Figs. ?? and ??). Interestingly,
Masunaga et al. (2006) and Miura et al. (2007) have also pointed out that westward intrusion
of ERs into the WP is important to intensified MJO convection there, although their findings
have been derived from the analysis of MJO propagation. This suggests that the realization
of ERs before MJO convective activation around the WP may be inevitable to some extent.

The verification of its detailed mechanism should be revisited in the future.

Implication for the previous studies

This study about cross-scale processes in MJO realization has some implications for the
previous studies which have proposed the mechanisms of MJO initiation and propagation
in terms of large-scale intraseasonal variations. Now I discuss how the pre-existing MJO

mechanisms should be verified or modified based on my results.

Initiation mechanisms

As introduced in Chapter 1, the major candidates for the MJO initiation mechanisms
are (i) equatorial circumnavigation of large-scale Kelvin waves, (ii) discharge-recharge hy-
pothesis, and (iii) MJO-scale moisture advection. The results in Chapters 2—4 provide useful
information to reconsider all the three candidates.

Chapters 2 and 3 have suggested that MRG dynamics can directly trigger MJO convective
initiation in the IO, which means that equatorially circumnavigating Kelvin waves are not
always required for triggering MJO convection. This is consistent with several studies which
have denied the necessity of Kelvin waves for the existence of the MJO using different GCMs
(Zhao et al., 2013; Maloney and Wolding, 2015; Ma and Kuang, 2016; Takasuka et al., 2018),
and is indirectly supported by the observational fact that MJO initiation is achieved even
outside the IO probably with the aid of another disturbance (cf. Chapter 4 and the related
discussion above). Meanwhile, Chapter 2 has also shown that large-scale Kelvin waves can

help an MJO event be initiated in October 2011 through the weakening of upper-tropospheric
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large-scale convergence. Hence, the role of circumnavigating Kelvin waves in preparing for a
suitable environment for MJO initiation rather than triggering convection should not be easily
discarded in some observational cases (e.g., Powell and Houze, 2015a). It may be worth
examining in more detail under what conditions Kelvin-wave-related processes are especially
effective in MJO initiation.

The discharge-recharge hypothesis also appears not to be fully supported in this study.
This standpoint is based on the results in Chapters 2 and 3 that the moistening processes
before MJO initiation are partly driven by wave dynamics such as MRG-related shallow circu-
lations. This agrees with the previous studies which have claimed that not local development
of cumulus congestus but larger-scale dynamical convergence is more responsible for tropo-
spheric moistening (Hohenegger and Stevens, 2013; Masunaga, 2013). However, there are
not so many studies which have quantitatively evaluated the contribution of convective eddy
moisture fluxes and large-scale dynamics to the moistening in the context of MJO initiation
(e.g., Hagos et al., 2014; Janiga and Zhang, 2016), and there are discrepancies between the
results. For example, Hagos et al. (2014) have suggested that anomalous large-scale mois-
ture advection is more important to moisture buildup for MJO initiation, whereas Janiga and
Zhang (2016) have found the comparable importance of such advection and eddy moisture
transport during the developing phase of the MJO. Since these two studies have looked into
only limited MJO events during the DYNAMO campaign and used different models with dif-
ferent configurations, it is further required to examine the relative importance of moistening
by wave-induced circulations and shallow cloud convection utilizing other high-resolution
cloud-resolving simulations for more MJO cases.

Although MJO-scale moisture advection is actually recognized before the IO- and MC-
MIJO initiation in Chapter 4, the contribution from synoptic-scale waves (i.e., MRGs in
Chapters 2 and 3, and ERs for the WP-MJO initiation in Chapter 4) to the pre-moistening
implicates a deficiency of the MJO-scale moisture advective process. In addition, an observa-
tional evidence that MJO convective initiation itself is triggered by high-frequency dynamical

variations under the sufficient moistened environment (Chapters 2 and 3) suggests that mois-

58



Chapter 5: General Discussion and Conclusion

ture variations alone associated with MJO-scale winds may not be able to describe MJO
initiation processes precisely. As described later, this idea has something in common with the

modification of the moisture-mode theory (e.g., Adames and Kim, 2016).

Propagation mechanisms

As for the propagation, there are the three representative mechanisms: (i) importance
of atmosphere—ocean coupled processes, (ii) Kelvin—Rossby wave dynamics with planetary
boundary layer (PBL) frictional moisture convergence, and (iii) moisture mode. Since this
study does not look into intraseasonal SST variations as reviewed in Demott et al. (2015),
it is beyond the scope of this dissertation to discuss the relationship between my results and
mechanism (i) in detail. Nevertheless, Chapters 2 and 3 have shown that MJO convective
propagation in the IO can be explained only by atmospheric wave dynamics, which implicates
that the intraseasonal atmosphere—ocean coupled processes are not always essential for the
MJO. Zhu et al. (2017) have reported, however, that SST feedback is key to MJO propagation
across the MC using a set of numerical simulations. Since complete MJO propagation is often
recognized as the migration of large-scale convective envelopes into the WP, it is valuable to
examine at what stage during the propagation the air—sea interaction is important.

A new perspective that MRG dynamics can help MJO convection propagate eastward
at least in the IO (Chapters 2 and 3) suggests that mechanisms (ii) and (iii) have room for
modification in terms of both scaling of the dynamic equations and the moisture—dynamics
interaction. For the former, it may be inappropriate to assume that large-scale Kelvin and
Rossby waves or responses alone compose dynamical components which impact on MJO
propagation in several linear models (e.g., Wang et al., 2016; Adames and Kim, 2016).
Although there is no doubt that MJO structure is regarded as the Kelvin—Rossby couplet
pattern on the O(10° km) spatial and intraseasonal time scale to a first-order approximation
(Hendon and Salby, 1994; Kiladis et al., 2005; Adames and Wallace, 2015, Fig. 1.3), this does
not necessarily mean that the large-scale dynamical pattern directly drives MJO propagation

in the real world as inferred from Chapters 2 and 3. For the other point, as questioned by
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Pritchard and Yang (2016), there is a possibility that the moisture-mode theory (mechanism
(iii)) may oversimplify propagation processes of the MJO by explicitly considering only the
evolution of moisture or MSE (e.g., Sobel and Maloney, 2012, 2013; Adames and Kim,
2016). In fact, the MRG-related propagation mechanism revealed in this study highlights the
importance of high-frequency dynamics in triggering convection, which is close to thinking
in Yang and Ingersoll (2013, 2014). Based on these insights, I believe that one of possible
modification directions is that dynamical contributions from synoptic-scale high-frequency
waves such as MRGs implemented in the MJO should be explicitly fed back onto the first-order
MIJO structure through the interaction with convective and moisture fields. To achieve this, it
can be helpful to advance the "MJO skeleton" theory (Majda and Stechmann, 2009b, 2011),
which considers the collective effect of convective envelopes associated with synoptic-scale
disturbances. In that case, a multiple-time approach adopted in the self-consistent multi-
scale model (Majda and Klein, 2003), which makes it possible to treat the interaction across
multiple spatio-temporal scales by expanding any variables for each different time scale, may
be usable.

Although Chapter 4 itself does not focus on any theories of MJO propagation, the
time—longitude diagrams of OLR anomalies for 10-, MC-, and WP-MJO cases (Fig. ??)
have an implication for the westward group velocity of eastward-propagating MJO convection
predicted by the moisture-mode linear theory in Adames and Kim (2016). For MC-MJO cases,
the westward development of eastward propagation of OLR anomalies is recognized before
their initiation (Fig. ??b). In similar to this, the WP-MJO initiation is followed by large-scale
convective suppression to the west and subsequent active convection in the 10 around day 20
(Fig. ??c). These convective evolutions under the EP or CP El Nifio conditions seem to be
related to the westward group velocity of MJO convective envelopes, consistent with a finding
in Wei and Ren (2019) that the westward dispersion of the MJO is robust during the El Nifio
winters. Meanwhile, such a dispersive characteristics is not so evident for I[0O-MJO cases
under the near-climatological background (Fig. ??a), which corresponds to the near-zero

group velocity in a statistical sense as reported by Chen and Wang (2018a). These results
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implicate that the observed westward group velocity may not follow the theoretical prediction
but may come from the interaction between the intraseasonal and interannual variability. To
examine the validity of the 2-D moisture-mode theory, it will be required to understand the

consistency in the dispersive feature of the MJO between the theory and observation.

Future perspectives

At the end of this dissertation, some future perspectives related to limitations and appli-
cability of this study are discussed. First, the reason why MRGs are selectively realized before
MIJO initiation in the 10 has not been confidently revealed. The statistical analysis in Chapter
3 has suggested that MRGs can be induced by equatorially anti-symmetric heating associated
with the intraseasonal cross-equatorial meridional circulation during the MJO-suppressed
phase over the IO. This speculation, however, has the following two unclear points. One is
a specific process of trapping of MRGs in the troposphere. This topic may be clarified by
the analysis of a transient process in a simple numerical/analytical model (e.g., multi-level
shallow water system with simple physics) on which some heating is imposed. The other is
how the meridional overturning on the intraseasonal time scale is physically driven under the
moisture—convection—radiation interactive processes, although it has been simply interpreted
in terms of the relationship between moisture and precipitation variations and background
convective activities in Chapter 3. To elucidate its detailed mechanism, it is useful to focus
on radiative feedbacks and vertical heating profiles before MJO initiation in the 1O utilizing
satellite observations and realistic numerical experiments. The detailed clarification of these
points will lead to complete understanding of the MRG-related MJO initiation mechanism
proposed in this study.

Secondly, it is unclear what determines the spatial scale of intraseasonal zonal circu-
lations. While Chapter 4 has implicitly presumed the spatial extent of influences of zonal
circulations associated with a pair of intraseasonal enhanced and suppressed convection es-
pecially seen before the IO- and MC-MJO initiation (cf. schematic diagram in Figs. ??a,b), it

still remains elusive why the zonal distance between the core of an ascending and descending
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branch is about 90° (Figs. ??a—d). Answering this question can greatly advance knowl-
edge about the scale selection of tropical convection including the MJO. In fact, it has been
vigorously investigated under the radiative-convective equilibrium framework in terms of
moisture—convection feedback (e.g., Grabowski and Moncrieff, 2004), cloud-radiation feed-
back (e.g., Arnold and Randall, 2015; Beucler et al., 2018), remoistening processes in the
dry PBL (Wing and Cronin, 2016), and density variations in the PBL (Yang, 2018). A the-
oretical approach can also be valuable, as Kuang (2008) has examined the scale selection of
convectively coupled equatorial waves by constructing a simple model which focuses on a
moisture—stratiform instability.

Lastly, the results of this study can provide a guideline for improving the representation
of MJO convection in numerical models. Considering that the modulation of MRG vertical
structure and resultant dynamics—convection coupling are important to the MJO initiation in
the 10, an increase in the number of vertical layers may contribute to precise prediction of the
timing and processes of MJO convective onset by leading to better-simulated wave structure
and vertical moisture transport. In addition, the impacts of the SST-forced interannual
atmospheric variability on MJO initiation have implicated that it is essential for GCMs to
simulate realistic background states such as the mean Walker and Hadley circulations in order
to get good skill of MJO prediction and reproduction. This view is also motivated by some
previous studies which have claimed the importance of well-represented mean westerlies
in MJO simulations (e.g., Inness et al., 2003; Ling et al., 2017) and of basic-state tropical
circulations in the longevity of the MJO (Suematsu and Miura, 2018; Suematsu, 2018). Since
MJO-active regions include the MC where many GCMs tend to suffer from the systematic
biases of the mean state (e.g., Toh et al., 2018), it is required to reduce them through the
improvement of physics schemes about cumulus convection and PBL processes which are
involved in the interaction between land-ocean surfaces and the free troposphere. I believe
that such improvements of GCMs are absolutely necessary for more quantitative understanding

of MJO dynamics.
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