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The Madden-Julian Oscillation (MJO) is prominent intraseasonal variability in the trop-
ics which is now widely accepted to be an eastward proceeding envelope of convective
activity coupled with circulation. However essential factors for the realization of the MJO
and what modulates their properties are still controversial. This study hypothesizes that
for an MJO-like large-scale atmospheric circulation to develop and to persist on an in-
traseasonal timescale, a background state longer than the intraseasonal timescale should
provide long-standing conditions that support the development of MJO convection. Based
on this hypothesis, I investigated for an environment favorable for the development of the
MIJO and analyzed how MJO properties are affected by the differences in the environment
that they develop in.

An environment supporting MJO development was investigated by classifying MJO-
like atmospheric patterns as MJO and regionally confined convective (RCC) events. Com-
parison of MJO and RCC events showed that even when preceded by a major convective
suppression event, convective events did not develop into an MJO when the large-scale
buildup of moist static energy (MSE) was inhibited. The difference in the MSE accumu-

lation between MJO and RCC was related to the contrasting low-frequency basic state



sea surface temperature (SST) pattern; the MJO and RCC events were associated with
anomalously warm and cold low-frequency SSTs prevailing over the western to central
Pacific respectively. Differences in the SST anomaly field were absent from the intrasea-
sonal frequency range of 20-60 days. The basic state SST pattern associated with the
MIJO was characterized by a positive zonal SST gradient from the Indian Ocean (IO) to
the western Pacific (WP), which provided a long-standing condition that allowed for suffi-
cient buildup of MSE across the 10 to the WP via large-scale low-level convergence over
intraseasonal and longer timescales. The results suggested the importance of such basic
state SST, with a long-lasting positive zonal SST gradient, for enhancing convection over
a longer than intraseasonal timescale to realize a complete MJO lifecycle.

Subsequently, how MJO propagation speed is affected by the background SST was in-
vestigated through constructing a tracking method of MJO propagation and comparing
the background states that MJO occurred in by their propagation speed. Analysis on the
fastest and the slowest 10 MJO events revealed differences in the moist processes that
occurred during each of the MJO groups. MSE budget analysis showed that long-lasting
deep convection develops across the 10 region to the WP region for the slow MJO with
preceding build-up of MSE from horizontal advection, and positive feedback to convec-
tion from latent and radiative heating terms. On the other hand, for the fast MJO, deep
convection developed only for about 10 days, and occurrence of moist processes support-
ing convection appeared to be confined to the IO. The differences in the accompanied
moist processes in slow and fast MJO were associated with different oceanic states that
they occurred in; the slower events were associated with a condition of low-frequency
SST distribution with a positive zonal gradient from the 10 to WP. Low-frequency SST
associated with fast MJO were much the same across IO to WP. Significant differences
in the SST pattern were not recognized in the intraseasonal timescale of 20-60 days. Fur-
thermore, the extension of the analysis of propagation speed to rest of the events revealed
that the relationship between zonal SST gradient and propagation speed was not a ten-

dency restricted to the fastest and the slowest group but is an overall relationship that is



displayed by all of the events. Taking note that the presence of zonal SST gradient in low-
frequency range has the potential to enhance large-scale zonal circulation, the component
of the zonal wind associated with the background circulation was also analyzed. The anal-
ysis showed that there is a tendency for MJO to propagate slower when the background
large-scale zonal circulation was stronger, implying that slower MJOs is embedded in
enhanced large-scale zonal circulation.

Following this analysis, the reproducibility of such relationship of MJO properties with
the background fields in a model simulation was investigated using climate simulation
data from an Atmospheric Model Intercomparison Protocol (AMIP) type run with the
Nonhydrostatic Icosahedral Atmospheric Model (NICAM). It was found that the simu-
lated MJO events tended to be slower than reality and were biased in the season of their
occurrence to late boreal winter. The causes for the systematic slow bias and decrease in
the number of boreal summer MJO were related to the difference in monsoonal circulation
in the NICAM-AMIP run. Although it appeared that the strength of the background circu-
lation related to MJO propagation speed was being modulated by different reasons than in
reality, MJO in NICAM-AMIP still also showed the relationship between its propagation
speed and the SST gradient and circulation indices that supported results from real-world
MJO.

In summary, this study identified characteristics of the MJO that distinguishes them
from other tentative convective activities in the differences in the MSE build-up pro-
cesses. Such differences were related to the low-frequency SST pattern in which, MJO
was associated with a positive zonal SST gradient from 10 to the WP. Investigation of
how such SST pattern affects the MJO properties showed that MJO propagation speed
becomes slower as the zonal SST gradient increases in both observation and NICAM-
AMIP simulation. The results of this study indicated the importance of the influence of
the low-frequency SST on the MJO and implied that MJO exists as part of the large-scale

circulation driven by the low-frequency zonal SST pattern.
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Chapter 1

Introduction

1.1 Characteristics of MJO from observation

The Madden-Julian Oscillation (MJO) is a prominent intraseasonal variability in the
tropics, which has been studied extensively since its discovery in 1971 (Madden and Ju-
lian, 1971). The phenomenon was first found as a spectral peak in the range of 40-50 days
in the co-spectrum of rawinsonde data of sea level pressure, low level (850 hPa) and upper
level (150 hPa) zonal winds. From the broad spectral peak at low-frequency range and
the phase relationship between the variables, they predicted that the oscillatory signals
were from large circulation cells oriented in a zonal plane over the equator. Shortly after,
they presented a more detailed picture of the phenomenon as an eastward moving pair of
large-scale (O(10,000 km)) circulation cells with enhanced deep convection in the shared
region of ascent between the two cells (Madden and Julian, 1972), and this view has been
confirmed by others (e.g., Knutson et al., 1987; Hendon and Salby, 1994). Currently,
this phenomenon is widely accepted to be an eastward proceeding envelope of convec-
tive activity coupled with circulation, typically initiating over the Indian Ocean (I0) and

terminating near the dateline (Zhang, 2005).



The spatial structure of the MJO has been well documented. The convective region of
MIJO is described as an envelope of smaller scale, short-lived convective systems which
contributes to the overall eastward movement by developing new convection predomi-
nantly eastward of the preceding convection (Nakazawa, 1988). The vertical extent of the
cells spans the entire troposphere and takes a baroclinic structure marked with reversal of
zonal wind between 600 and 500 hPa level (Madden and Julian, 1971, 1972). The hor-
izontal circulation pattern is characterized by Kelvin response ahead of, and by Rossby
response (Matsuno, 1966; Gill, 1980) in the rear of the convective region (Hendon and
Salby, 1994). More specifically, MJO convection is preceded by equatorial easterlies and
are followed by equatorial westerlies with Rossby gyres on both sides of the equator. At
the beginning of the MJO when the convective activity is over the IO, this structure is
known to be tilted westward in the vertical and comes into phase before convective activ-
ity diminishes over the Pacific (Weickmann and Khalsa, 1990; Hendon and Salby, 1994).
The phase relationship between convection and circulation also changes as MJO proceeds
eastward. Over the 10 circulation signal tends to lag the convective activities, but they
come into phase by the time they reach the western Pacific (WP). Furthermore, circula-
tion signals are known to continue their eastward propagation after they decouple with
convective activities near the dateline at speeds ranging from approximately 10 ms™! to
approximately 40 ms—! (Weickmann and Khalsa, 1990; Milliff and Madden, 1996), which
faster than the typical propagation speed of MJO convection of 5 ms~! (Weickmann et

al., 1985; Weickmann and Khalsa, 1990).



1.2 Defining the MJO

Because MJO is accompanied by many coherent signals that reflect the presence of its
circulation and convection (e.g., outgoing longwave radiation; OLR, wind fields, precipi-
tation, surface pressure), numerous MJO detection methods have been proposed. Adding
on to the variety of signals, the episodic nature of the convective events which make up
the multi-scale structure of the MJO, and seasonally and geographically varying charac-
teristics of the MJO make it an especially difficult phenomenon to pin down its identity.
Reflecting this difficulty, a number of MJO indices have been proposed depending on the
choice of physical variables and methods of index construction (e.g., Wang and Rui, 1990;
Wheeler and Kiladis, 1999; Wheeler and Hendon, 2004; Kikuchi et al., 2012)). For these
reasons, although there is a general agreement on basic features of the MJO, the definitive
characteristic of MJO is controversial, and unified definition of this phenomenon is yet to
be determined (Straub, 2013; Kiladis et al., 2013).

An often adopted method of MJO definition involves wavenumber-frequency spectrum
analysis that extracts eastward propagating signals around 30-60 days period in MJO co-
herent variables (Hayashi, 1971; Takayabu, 1994; Wheeler and Kiladis, 1999; Yasunaga,
2011). These methods are advantageous in that they can simultaneously detect multi-
ples of theoretically demonstrated equatorial waves (Matsuno, 1966), which are often
coexistent with the MJO (Takayabu, 1994; Wheeler and Weickmann, 2001; Masunaga,
2007; Kikuchi, 2014). Another advantage of spectral analysis is that once the range of
wavenumber-frequency filtering is set, each mode of tropical convective activity can be
defined objectively in both space and time. However, application of spectral analysis im-
plicitly assumes that MJO is an oscillatory wave-like phenomenon which is a questionable

prerequisite considering its wide-spread periodicity of 30-100 days (Madden and Julian,



1971; Salby and Hendon, 1994).

Eigen technique is another often used method to construct MJO indices. The Real-time
Multivariate MJO index (RMM; Wheeler and Hendon, 2004, WHO04) is one of such in-
dices that have been widely applied to identify dates associated with the MJO. The RMM
index detects large-scale circulation coupled with convection by applying a combined em-
pirical orthogonal function (CEOF) analysis to a combination of de-seasoned OLR and
upper (200 hPa; U200) and lower (850 hPa; U850) level zonal winds data. The time series
of the derived first two principal components (RMM1 and RMM?2), which interchanges in
their relative sign and amplitude, reconstructs the developmental stages of the MJO. The
simplicity of implementation, with applicability for real-time use across all seasons, has
made it a standard in MJO analysis. A caveat to this method is that high amplitude of the
RMM signifies only that the atmosphere assumes an MJO-like pattern in circulation and
convection momentarily. Therefore, defining MJO using eigen methods requires careful
specifications of criteria for the behavior of principal components in time.

While MJO is often treated as a phenomenon existing in all seasons (Wheeler and Hen-
don, 2004; Zhang and Dong, 2004; Hendon et al., 2007), MJO characteristics show strong
seasonality, and whether the identities of eastward propagating convective activities of a
differing season are fundamentally different is still debatable. For example, Bimodal In-
traseasonal Oscillation index of Kikuchi et al. (2012) incorporates seasonal variabilities
of the MJO and treats intraseasonal variability in the boreal summer as a different mode of
atmospheric variability from the MJO. There are also others that claim faster boreal spring
events should be associated with convectively-coupled Kelvin waves (Zhang, 2005).

There are still other variants of MJO indices that carefully track convective signal in

time and space (e.g., Wang and Rui, 1990; Hendon and Salby, 1994). Although most



of these varying indices have been confirmed to portray similar overall feature of this
phenomenon (Straub, 2013; Kiladis et al., 2013), a definition of MJO is often subject to

modifications depending on the characteristics of the MJO that is considered essential.

1.3 Eastward propagation of the MJO

The eastward movement of convective activity is one of the most notable characteristics
of the MJO. However, the mechanisms for the eastward propagation and how their propa-
gation speed and paths are determined are still not completely understood. Nevertheless,
knowledge of statistical properties related to the eastward propagation has accumulated
over the years which have contributed to our understanding of the MJO.

Seasonality significantly affects the paths and the ways in which MJO convection moves
eastward. In their meticulous tracking of MJO convective activities, Wang and Rui (1990)
showed that the path of MJO propagation can be classified into several groups with sea-
sonality. They identified that while MJO in boreal winter months propagates eastward
with relatively small meridional movement, boreal summer MJO moves northward after
making eastward movement around the Maritime Continents (MC). They also showed
that boreal summer MJO was longer and had slower propagation speed than in other sea-
sons. More recently, results consistent with Wang and Rui (1990) have been achieved by
Jenkner et al. (2011) who indicated the tendency of boreal spring events to have shorter
periodicity. Other researches have shown that variations in propagation speed and fre-
quency are also related to oceanic states within boreal winter MJO (Izumo et al., 2010;
Nishimoto and Shiotani, 2013). Further discussions on the relationship between MJO
characteristics and oceanic conditions will be presented in the next section.

Propagation of the MJO is also influenced by land-sea distribution. Convective activi-



ties of the MJO often weaken and stagnate over the MC before propagating to the WP, and
conditions for successful propagation of convective activities across the MC have become
one of the key issues in understanding MJO propagation. The effect of MC hindering
MIJO convection is known as the “barrier effect” on the MJO, and has been recognized
in both observations (Rui and Wang, 1990; Nitta et al., 1992; Hendon and Salby, 1994;
Zhang and Ling, 2017) and in simulations (e.g., Inness and Slingo, 2003; Jiang et al.,
2015). Preceding researches have suggested that conditions such as the transition from
an over-land dominant precipitation regime to an over-sea dominant regime (Zhang and
Ling, 2017), and sufficient horizontal advection of moisture and moist static energy (MSE;
Miura et al., 2007; Kim et al., 2014; Feng et al., 2015) to be important factors for MJO
propagation to the WP. In model simulations, other factors such as the correct representa-
tion of low-level winds (Inness et al., 2003) and the choice of cumulus parameterization
(Zhu et al., 2017) have been indicated to be important for the successful propagation of

the MJO over the MC.

1.4 Air-sea interactions

It has been known that formation of deep convective activities over the ocean is strongly
correlated with the sea surface temperature (SST; Graham and Barnett, 1987; Zhang,
1993; Waliser and Graham, 1993). For example, convective activities are enhanced by
higher SST with a threshold temperature around 27.5°C, in which deep convection begins
to be enhanced (Graham and Barnett, 1987; Zhang, 1993). However, maximum intensifi-
cation of convection occurs approximately at 29.5°C and convective activity is observed
to decrease with an increase of SST from that value (Waliser and Graham, 1993). The

explanation of the existence of maximum SST in convection enhancement is offered by



the effect of surface cooling by the enhanced convection, which acts to limit the SST
to around 29°C. Therefore, it was suggested that very warm SST can only be achieved
under cloudless conditions (Waliser and Graham, 1993). Their results showed that SST
conditions not only force convective activities but are expected to be adjusted by atmo-
spheric processes. Considering the significant influence of the sea surface conditions to
convective activities, air-sea interaction related to MJO has been studied extensively.

The region in which MJO convection occurs is known as Indo-Pacific warm pool, de-
fined as the area of the 10 and the WP within 28°C isotherm (Wyrtki, 1989). This region
of high SST is known for its strong seasonal cycle. Location of the Indo-Pacific warm
pool shows meridional march following the sun, and its area contracts to its primary and
secondary minima in January and August, respectively, and expands to the primary and
secondary maxima in April and November, respectively (Kim et al., 2012). The seasonal
march of the Indo-Pacific warm pool has been documented to act directly on MJO to
regulate its meridional location (Zhang and Dong, 2004). The primary minimum and the
secondary maximum is attributed to changes in the WP sector of the warm pool, modu-
lated by the seasonal march of the sun, whereas the secondary minimum and the primary
maximum follow the variation of the IO sector, controlled by the Indian monsoons (Kim
et al., 2012). The distinct regulation of the two sectors of the warm pool gives rise to a
unique background SST distribution in the zonal direction for each season. In relation
with the positive zonal gradient formed by the Indo-Pacific warm pool, a result consistent
with implications of Lindzen and Nigam (1987) has been achieved by Zhang and Dong
(2004) who suggested suggests the importance of background low-level westerlies for the
MJO.

Basic schematic of air-sea interaction during MJO has been described in Shinoda et



al. (1998). In the active phase of MJO, reduced radiation and enhanced latent heat flux
are observed in the rear of the convective activities due to the high cloud coverage and
strong surface westerlies. The opposite condition prevails during the suppressed phase
with increased insolation and decreased evaporation. As a response to these atmospheric
forcing, a near quadrature pattern of convective signals across the Indo-Pacific warm pool
with lagged negative SST response to convection is observed. Typical magnitude of the
SST fluctuation has been documented to be around 0.3 K (Shinoda et al., 1998), however,
the amplitude of SST anomaly has been reported to exceed 1-2 K for intraseasonal cooling
events which could be associated with the MJO (Saji et al., 2006). It has been suggested
that SST patterns generated by this air-sea interaction are important for the eastward prop-
agation of the MJO (Flatau et al., 1997; Hirata et al., 2013; DeMott et al., 2014; Zhu et
al., 2017). There are also results that indicate the magnitude of the SST change by air-sea
interaction during an MJO event to influence the amplitude of the subsequent MJO event
(Moum et al., 2016).

Influence of interannual variability on the behavior of MJO has also been investigated
(e.g., Izumo et al., 2010; Nishimoto and Shiotani, 2013). Nishimoto and Shiotani (2013)
investigated the behavior of eastward propagation of intraseasonal convective activities
during boreal winter in relation with the El Nifio Southern Oscillation (ENSO), an ocean-
atmospheric coupled mode best characterized by the SST anomaly in the eastern Pacific
(Trenberth, 1997). They found that slower propagation speed to be associated with La
Nifia conditions and vice versa. Other works have identified increased MJO activities
during boreal spring leading El Nifio events in the subsequent autumn-winter season (e.g.
Zhang and Gottschalck, 2002; Hendon et al., 2007). On the other hand, Izumo et al.

(2010) associated differences in the frequency of the MJO with the Indian Ocean Dipole



(IOD) mode (Saji et al., 1999). The IOD is recognized as a dipole mode of SST anomaly
in the IO in which the positive phase is associated with high SST in the western Indian
Ocean (Saji et al., 1999). High and low-frequency MJO, with respective frequency of
35-50 days and 55-100 days, are distinguished to occur under opposite IOD mode; high-
frequency MJOs in positive IOD and low-frequency MJOs in negative IOD (Izumo et al.,
2010). There are also other studies that indicated enhanced and subdued MJO activities
with negative and positive IOD, respectively (Wilson et al., 2013). In their work, weaken-
ing of the MJO during positive IOD was related to the inhibition of low-level convergence
from the SST gradient anomalies from IOD and associated low-level wind anomalies (In-
ness et al., 2003). Consistent results regarding MJO-IOD relationship have also been
achieved by Benedict et al. (2015) for October condition in model experiments. However,
there are other results that assert the influence of interannual variability on MJO to be

limited (Hendon et al., 1999; Slingo et al., 1999).

1.5 Moisture mode theory

A school of thought, referred to as moisture mode theory, which attempts to theoret-
ically explain MJO by prognostic moisture equation (e.g. Neelin and Held, 1987; Sobel
and Maloney, 2012, 2013; Adames and Kim, 2016) has gained popularity in the recent
years. Based on the weak temperature gradient approximation (WTG; Charney, 1963;
Sobel et al., 2001), which states that horizontal gradient of temperature is bound to be
small in the tropics due to the smallness of the Coriolis parameter, modulation of moisture
anomaly becomes essential to destabilization and enhancement of convective activities in
the tropics. From the WTG, the moisture mode theory establishes a concept that MJO

is not analogous to any of the dynamical modes in the dry atmosphere, and that moist



process is of fundamental importance for its growth and propagation. Other processes
including ocean coupling are thought to be subordinate. In the moisture mode frame-
work, the growth of convective activity is governed by processes such as surface fluxes
and cloud-radiative feedback that modulate moisture anomaly (Sobel and Maloney, 2012,
2013). In their original models based on the moisture mode, the one-dimensional equation
for column integrated water vapor in the zonal direction is the only prognostic equation
describing the mechanism of the MJO. All other fields are determined diagnostically us-
ing empirical closure assumptions. The moisture mode models with certain conditions
were capable of reproducing eastward propagating moisture modes at the largest horizon-
tal scales. However, their model relies on questionable requirements on the background
moisture advection for eastward propagation to occur. Moreover, the eastward propaga-
tion speed of the eastward propagating mode was small, and the eastward propagation
of the MJO is primarily dependent on zonal advection by background westerlies (Sobel
and Maloney, 2013). Recently, work by Sobel and Maloney (2012, 2013) was extended
to three dimensional moisture mode model (Adames and Kim, 2016). The model by
Adames and Kim (2016) describes the MJO as a dispersive convectively coupled mois-
ture wave with westward group velocity and derives a dispersion relation in good agree-
ment with wavenumber-frequency range of the MJO. Notwithstanding the consistency of
the dispersion curve to MJO signals, the model depends on some ambiguous scaling and
closure assumptions and requires further investigation for a comprehensive description of
the MJO. Although the moisture mode theories have not succeeded in explaining MJO
mechanisms completely, investigation of their model behavior, and comparison of the ob-
servational data and simulated results with their framework have contributed to the better

understanding of moist processes in the tropics (Sobel et al., 2014; Hannah and Maloney,

10



2014).

1.6 MJO in model simulations

MIJO is infamous for its difficulty in reproducing them in model simulations (e.g., Kim
et al., 2011; Jiang et al., 2015), and it has only been in the past decade that some models
have been able to simulate MJO with adequate correspondence with the observed MJO.
One of the first successful realistic simulations of the MJO was achieved (Miura et al.,
2007) by using Nonhydrostatic Icosahedral Atmospheric Model (NICAM; Tomita and
Satoh, 2004; Satoh et al., 2008), a model which eliminated convective parameterization by
computing cloud microphysics explicitly. Model simulation studies using NICAM have
since contributed to MJO studies through hindcasts (e.g., Miyakawa et al., 2014; Miura et
al., 2016) and sensitivity studies (e.g., Miura et al., 2009, 2016), indicating the potential
timescale of predictability of the MJO to be near 4 weeks (Miyakawa et al., 2014) and
influence of SST zonal gradient on MJO propagation (Miura et al., 2009; Yoshizaki et al.,
2012; Miura et al., 2016). The behavior of MJO-like convective activities in NICAM have
also been investigated (e.g., Yoshizaki et al., 2012; Takasuka et al., 2015)) in idealized
aquaplanet settings (Tomita et al., 2005). Climatological properties of the MJO within
NICAM have been investigated (Kikuchi et al., 2017) from a 30-year climatological run
(Kodama et al., 2015) on NICAM following the Atmospheric Model Intercomparison
Project(AMIP; Gates, 1992) Protocol.

Although conventional general circulation models (GCMs), that employ cumulus pa-
rameterizations have also demonstrated ability to reproduce MJO (e.g., Bechtold et al.,
2008), successfully simulating MJO in GCMs remains to be a challenging problem (Jiang

et al., 2015). Reproducing the eastward propagation of MJO has been documented to
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rely on many factors such as the choice of cumulus parameterization scheme (Maloney
and Hartmann, 2001; Chikira and Sugiyama, 2013; Feng et al., 2015), tuning of detrain-
ment (Hannah and Maloney, 2014), coupling with the ocean (Inness and Slingo, 2003;
Klingaman and Woolnough, 2014; DeMott et al., 2014), and initial ocean-atmospheric
conditions (Kim et al., 2016). However, even in models in which eastward propagation of
convective activity is simulated, it is difficult to distinguish whether the model has repro-
duced eastward propagation of the MJO for dynamically realistic reasons (Hannah and
Maloney, 2014). Therefore, identifying essential mechanisms and factors for MJO devel-
opment and propagation is still a challenging task to undertake using the model alone.
There are also efforts to bridge the gap between MJO simulation in GCMs and cloud
resolving models by the use of super-parameterization (Grabowski, 2001; Benedict and
Randall, 2009), which embeds two-dimensional cloud resolving model within a grid of
GCM to compute statistical properties of the grid (Grabowski, 2001). A number of stud-
ies indicate improved MJO representation in superparameterized models to its counter-
part GCMs (e.g., Klingaman and Woolnough, 2014; Hannah et al., 2015, and references
therein). However, why the performance of the superparameterized models excels the
conventional GCMs is still unclear (Hannah et al., 2015), and the causes for the differ-

ences need to be investigated further.

1.7 Motivation and overview

Despite being the most prominent intraseasonal variability in the tropics, essential fac-
tors for the realization of the MJO and what modulates their properties are still contro-
versial. In consideration of the difficulties that MJO posed in explaining it as a unique

dynamical mode of the atmosphere, this research seeks for an explanation for the exis-

12



tence of the MJO from an alternative point of view, that MJO might be explained as a
forced response from the large-scale environment. This is based on a hypothesis that for
an MJO-like large-scale atmospheric circulation to develop and to persist on an intrasea-
sonal timescale, a background state longer than the intraseasonal timescale should provide
long-standing conditions that support the development of MJO convection. Foundations
for this hypothesis were investigated in this study, and the overview is given below.

In chapter 2, an objective MJO detection method was constructed applying the WHO04
RMM method. Here MJO-like atmospheric patterns were classified as MJO and region-
ally confined convective (RCC) events so that they can be compared to reveal essential
properties of the MJO that distinguish them from other tentative convective events. ! A
tracking method of MJO convection was also developed to analyze the propagation speed
of the MJO.

In chapter 3, an environment favorable for the development of the MJO was investigated
from a comparison of MJO and RCC events. Moist processes related to the MJO and RCC
were analyzed from MSE budget analysis, and the differences that were observed were
related to the low-frequency variability of the SST.

In chapter 4, differences in the MJO properties arising from those in their propagation

speed were analyzed. MJO events were categorized into slow events and fast events to

'Part of chapter 2 regarding the detection method of MJO and RCC, and chapter 3 is published as
Suematsu, T., and H. Miura, 2018: "Zonal SST difference as a potential environmental factor supporting
the longevity of the Madden-Julian Oscillation". J. Climate. doi:10.1175/JCLI-D-17-0822.1

2©Copyright [27 June 2018] American Meteorological Society (AMS). Permission to use figures, ta-
bles, and brief excerpts from this work in scientific and educational works is hereby granted provided that
the source is acknowledged. Any use of material in this work that is determined to be “fair use” under
Section 107 of the U.S. Copyright Act or that satisfies the conditions specified in Section 108 of the U.S.
Copyright Act (17 USC § 108) does not require the AMS’ s permission. Republication, systematic re-
production, posting in electronic form, such as on a website or in a searchable database, or other uses of
this material, except as exempted by the above statement, requires written permission or a license from the
AMS. All AMS journals and monograph publications are registered with the Copyright Clearance Center
(http://www.copyright.com). Questions about permission to use materials for which AMS holds the copy-
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reveal factors that modulate their propagation speed. The analysis was later extended to
all detected MJO events to find a general relationship of the MJO propagation speed and
the environment.

In chapter 5, the analysis conducted on the reanalysis data is applied to data from
NICAM-AMIP simulation. The reproducibility of relationship of MJO properties with
the background fields that were found in the preceding chapters in model simulation was
investigated. Differences and similarities between the simulated MJO and the real world,
and their causes were discussed.

Chapter 6 provides summary, discussions, and general conclusions on the obtained

results. The outlook for future work will also be presented.
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Chapter 2

Data and method

2.1 Data

! This study employed the following standard datasets for calculating the RMM index:
daily averages of the interpolated OLR (Liebmann and Smith, 1996) from the National
Oceanic and Atmospheric Administration (NOAA), and daily averages of U850 and U200
from the National Centers for Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) Reanalysis 1 (Kalnay et al., 1996). The analysis spanned a pe-
riod from 1 January 1979 to 31 December 2012 with a horizontal resolution of 2.5°x2.5°.
These choices are made to facilitate comparison with the results of previous studies, and
to keep within the range of the final product of WH04 RMM provided by Australian Bu-
reau of Meteorology (2018) which ends on 31 December 2013. However, it is confirmed
that extending the analysis period to 31 December 2016 does not change the general con-
clusion of this study. We also used the daily values of the NCEP-NCAR Reanalysis 1 data

for the variables required to calculate the MSE budget terms.

IThis section is published as Suematsu, T., and H. Miura, 2018: "Zonal SST difference as a po-
tential environmental factor supporting the longevity of the Madden-Julian Oscillation". J. Climate.
doi:10.1175/JCLI-D-17-0822.1
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The NOAA Optimum Interpolated SST V2 (OISST; Reynolds et al., 2002) was ana-
lyzed from 1 January 1982 to 31 December 2012 to investigate the background SST state
favorable for MJO development. The resolution of the OISST (0.25° % 0.25°) was reduced
to the resolution of the other NCEP-NCAR data (2.5°x2.5°), by using area averaging.
This reduction was validated by analyzing the spatial scale at which SST became coherent
with convective activity in the tropics. This was achieved by investigating the resolution at
which the SST and the total column water (TCW), which is closely related to convective
activity in the tropics (Bretherton et al., 2004), becomes well correlated. For consistency
between the TCW and SST within this analysis, European Reanalysis Interim data (ERA-
I; Dee et al., 2011) provided in 11 different resolutions between 0.125°x0.125° and 3.0°
x 3.0° for both TCW and SST was used. The correlation of SST and TCW was calculated
between 30° S and 30° N, at resolutions of 0.25°x0.25°, 1.0°x1.0°, 2.5°x2.5° using the
original ERA-I data from 1 January 1982 to 31 December 2015 (Fig. 2.1). Correlations at
lower resolutions at 5.0°x 5.0° and 10.0°x10.0° were also calculated by area averaging
the 2.5°x 2.5° data to those resolutions. Figure 2.1 shows that the correlation between
SST and TCW was low for higher resolution data. However, the correlation increased
above 0.6 when the resolution was reduced below 2.5°x 2.5° resolution. Therefore, it
was determined that reduction of the resolution of SST data to 2.5°x 2.5° was reasonable
for this study, which is intended to examine the effect of SST on convective activities over
the tropics.

It was noted that the September 1994 OLR data had unrealistically high values with
respect to the satellite switching between 16 September and 17 September. Consequently,
data of 1 May 1994 to 31 January 1995 were omitted to eliminate data contaminated from

satellite switching by the time-filtering.
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Figure 2.1: Resolution dependency of the correlation between SST and TCW from the
ERA-I over the tropics (30°S-30°N)

2.2 Detecting MJO and RCC

2 This study applied the RMM method of WHO04 to detect MJO events. However, the
purpose of this study is not a real-time evaluation of the MJO; hence, we simplified the
de-seasoning process of the original WHO04 to 20-120 day Lanczos band-pass filtering
(Duchon, 1979). The filter employed 241 symmetric weights, and 120 days at both ends
of the data were truncated. A relatively wide window for the band-pass filter was used to
include signals on a near-seasonal time scale in consideration of MJO events that appeared
to be driven by the seasonal cycle (Miura et al., 2016). With the exception of utilizing this
band-pass filtered data, the RMM calculation followed that of the original WH04 RMM.
Although the resulting RMM series had a smoother trajectory than the original WHO04
RMM series (Fig.2.2), the overall features were consistent with those of WH04

Here, to capture the MJO as an entity of eastward propagating convective activity on

2This section is published as Suematsu, T., and H. Miura, 2018: "Zonal SST difference as a po-
tential environmental factor supporting the longevity of the Madden-Julian Oscillation". J. Climate.
doi:10.1175/JCLI-D-17-0822.1
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Figure 2.2: Examples of MJO (red), [O-RCC (blue), and WP-RCC (green) RMM trajec-
tories. Solid lines indicate RMM trajectories calculated by using the 20-120 day filter, and
dotted lines indicate RMM trajectories of the original WH04 RMM trajectories provided
by Australian Bureau of Meteorology. The trajectories shown are from 13 January 2002
to 5 March 2002 for the MJO, 7 January 1982 to 17 January 1982 for the IO-RCC, and 17
November 1989 to 5 December 1989 for the WP-RCC event. The inner circle indicates
RMM amplitude of A, =0.8.

an intraseasonal timescale, identification of MJO events using the RMM requires con-
sideration of the continuity of the trajectory of the RMM projection in the RMM phase
space. Intermittent occurrences of days with high RMM amplitudes need to be distin-
guished from the MJO by defining the MJO as a time sequence with an RMM projection
trajectory that signifies continuous eastward propagation of convective activity from the
IO to the WP. Therefore, MJO was defined by specifying a set of criteria to be met by
the RMM trajectory, the physical implications of which are consistent with the general
characteristics of the MJO. The MJO criteria, followed by their concise physical impli-

cations in parentheses, are as follows: 1) It proceeds from at least phase 2 to phase 7
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(large-scale circulation propagates through the 10 to the WP); 2) it does not skip more
than one phase (continuous propagation in real space); 3) it does not recede more than
one phase (disqualification of major westward propagating events); 4) the average RMM
amplitude exceeds the critical value A., and consecutive days with an amplitude below
A, are fewer than 15 days (maintenance of typical MJO structure); and 5) the tracking is
completed in 20-90 days (completion of an event within an intraseasonal time scale). The
value of A, was subjectively set at 0.8 because a sufficiently strong signal of MJO-like at-
mospheric pattern appeared to be present when the RMM amplitude was at least 0.8 (Fig.
2.2). For example, the RMM amplitude dropped below A. for four days during the MJO
event shown in Fig. 2.3, which corresponds to the MJO trajectory in Fig. 2.2. However,
strong eastward-proceeding convective activity was present even when the RMM ampli-
tude was small. The critical value was set at 0.8 rather than a higher value to maximize
the number of MJO events. Moreover, it was confirmed that the general conclusions of
this study were insensitive to A, values between 0.8 and 1.0.

The criteria were relaxed from a strict anticlockwise procession on the RMM phase
space to allow for some skipping and receding of RMM phases and for a temporal drop
in RMM amplitude. These criteria were implemented in consideration of the existence of
small-scale disturbances within the MJO that may cause temporary jumps, reversals, and
amplitude drops of the RMM (Fig. 2.2). Relaxation of the criteria has the effect of making
the MJO detection insensitive to unrealistic phase flips. We note that different measures
for the same purpose have been implemented in preceding researches (e.g., Matthews,
2008).

Following the criteria, MJO events were detected by first identifying those days pro-

jected on phase 2 and then tracking back to phase 1 and forward up to phase 8. Backward
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Figure 2.3: 15°S-15°N averaged U850 (color; ms~!) and OLR (contour; Wm~2) time-
longitude Hovmoller during an MJO event from 13 January 2002 to 5 March 2002. The
color bar on the right indicates the daily RMM phase; orange, phase 2; yellow, phase
3; light-green, phase 4; blue, phase 5; purple, phase 6; and magenta, phase 7. Periods
without color indicate days when the RMM amplitude was lower than A..

tracking terminated when the RMM amplitude fell below A. or when a phase change oc-
curred. Forward tracking was terminated when the RMM amplitude fell below A, any
time after the first day of phase 7. Tracking was also terminated when a phase change
occurred after the first day of phase 8. We defined the initiation and termination of the
active phase of the MJO as the first and the last day of phase 2 and phase 7, respec-
tively. Because the attribution of an RMM phase is not legitimate when the amplitude is

small, phase retreat or procession is considered only when the RMM amplitude exceeds
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Ac. In this way, 112 MJO events were detected during 1982-2012 with the removal of
two events from May 1994 to January 1995, the period in which the Lanczos-filtered data
were contaminated by data from September 1994.

Days with an RMM amplitude greater than A, were further categorized into two types
of regionally confined convective events (RCC); Indian Ocean (IO)-RCC and Western
Pacific (WP)-RCC, depending on the location of their occurrence. We defined I0-RCC
and WP-RCC as events of RMM amplification above A, that were not part of MJO events
and were restricted to phases within 2-4 and phases 5-7, respectively (Fig. 2.2). Initiation
of IO-RCC and WP-RCC was defined by the first day of the RMM amplification within
the respective phase range; an event was terminated when the RMM amplitude dropped
below A, at any time after initiation. Any amplification of RMM not included in the
above categories (e.g., RMM amplification that spans phases 2-5) was not considered in
this research. In this way, we distinguished temporary events of RMM amplification from
conventional MJO events, which are usually complemented by amplification of RMM
phases in RMM phase ranges of both IO-RCC and WP-RCC. In this study 51 I0-RCC
events and 55 WP-RCC events were identified.

The method described in this section is not definitive for identifying MJO events or
RCC. However, this method is sufficient for the purpose for this study in designating
an adequate number of convective events that demonstrate the conventional properties of
MIJO as MJO events and those of other regionally confined and short-lived convective
events as RCC events. The results obtained enable their properties to be analyzed and
compared statistically. We also note that although RMM is predominantly determined by
large-scale circulation (Straub, 2013), this method captures large-scale convective activity

events in terms of signal strength and spatial scale as adequately as other MJO detecting
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methods that use only OLR values (e.g., Matthews, 2008; Hirata et al., 2013).

2.3 Tracking MJO convective activity

Eastward movement of each detected MJO event was tracked daily by the zonal location
of the minimum value in the 15°S-15°N meridionally averaged OLR (Fig. 2.4). The daily
tracking was done in zonal range depending on the RMM phase of the day of the tracking.
The tracking was also restricted to OLR value less than 210 Wm™? to ensure that there
is a signal of convective activity where minimum OLR was located. The zonal ranges
of tracking for each RMM phase are as follows: For phases 1-3, the tracking was done
in the range of 50°E to 120 °E; for phase 4 tracking was done in the range of 50 to
150°E; for phase 5 tracking was done in the range of 120°E to 140° W; for phases 6-
8 the tracking was done in the range of 150°E to 140°W. During days when the RMM
amplitude dropped below A, tracking was done in the range of 50°E to 140°W since
the designation of an RMM phase is considered to be invalid when RMM amplitude is
small. There is an overlap of tracking range during phases 4 and 5 to smoothly track
the passage of convective activities over the MC where convection is often blocked, and
where convective activities are present on both eastern and western sides of the MC.
After tracking the longitude of minimum OLR, the eastward propagation speed of MJO
was determined by calculating the regression coefficient between time and longitude of
the tracked minimum OLR from the first day of phase 2 to the last day of phase 7 of each
MIJO event. The calculated regression coefficient was determined to represent the average
propagation speed of the MJO if it passed the student’s t-test at a confidence level of 95 %.
As the result of the statistical test, seven events were removed from the analysis regarding

the propagation speed.
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Figure 2.4: An example of minimum OLR tracking (thin red line) during an MJO event
and its regression from the first day of phase 2 to the last day of phase 7 (thick straight
red line). Color shows 15°S-15°N averaged OLR (Wm~2).

2.4 Checking consistency between propagation speed and

angular speed

Consistency between the propagation speed calculated from the tracking of OLR mini-
mum and the behavior of MJO on the RMM phase space was checked. This was done by
checking for a linear relationship between the propagation speed calculated in real space
and the angular velocity on the RMM phase space (Fig. 2.5). The average angular veloc-
ity of each MJO event was calculated by dividing the angle between the first day of phase

2 and the last day of phase 7 on the RMM phase space by the number of days in that
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period. Since each phase of the RMM phase space assumes convective activity over the
different location from western to central IO to western to central Pacific, angular velocity
on the RMM phase space should correspond to and show a linear relationship between
the propagation speed calculated by OLR tracking in real space. Therefore to confirm
consistency between angular velocity and propagation speed, events that show a linear
relationship between angular velocity and propagation speed was selected. The selection
was done by calculating the regression line of the angular velocity and propagation speed
and selecting the events that were within 2 standard deviations of the residual from the
regression line. Three events were removed in this process, and the propagation speed of

102 MJO events was estimated.
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Figure 2.5: Propagation speed-angular velocity plot of detected MJO events. The black
lines indicate the regression line of the plot and 2 standard deviations of the residual from
the regression line. The red dots are the events included, and the blue dots are the events
removed from the analysis.
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Chapter 3

Background SST and moist processes

for the MJO realization

!'In contrast to the extensive work that has already been undertaken on the MJO based
on the RMM (c.f., Zhang 2013, and references therein), there has been limited research
regarding what distinguishes the MJO from discontinuous events of RMM amplifica-
tion. Hirata et al. (2013) identified convective events that are regionally confined, ei-
ther over the 10 or around the MC, and suggested that the intensity of convective sup-
pression was an important factor in determining the behavior of subsequent active con-
vection. Kim et al. (2014) also investigated the differences between propagating and
non-propagating MJO, and their results indicated the importance of the development of a
strong dry anomaly prior to the propagating MJO. Moreover, precursor signals for MJO
initiation that are absent from large-scale convective events with a low RMM amplitude
have been documented by Ling et al. (2013), and factors associated with the termination

of MJO events at different RMM phases have been investigated by Stachnik et al. (2015).

IThis chapter is published as Suematsu, T., and H. Miura, 2018: "Zonal SST difference as a po-
tential environmental factor supporting the longevity of the Madden-Julian Oscillation". J. Climate.
doi:10.1175/JCLI-D-17-0822.1
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However, it is uncertain as to whether there is a background state longer than the in-
traseasonal timescale that provides long-standing conditions supporting MJO develop-
ment. This consideration is supported by theoretical work which shows that a slowly
eastward propagating pattern like the MJO can be reproduced through the interaction of
wave activities with planetary-scale moisture anomalies (Majda and Stechmann, 2009).
I hypothesize that such a basic state condition should exist to allow an MJO-like large-
scale atmospheric circulation to develop and to persist on an intraseasonal timescale. This
study investigates this hypothesis by focusing on differences in the basic state SST, which
provides a bottom boundary condition for much of the convective region of MJO events,

and reveals essential environmental factors for the MJO development.

3.1 Characterizing MJO and RCC convection

The circulation and convection patterns of MJO and RCC were compared by using
composites of anomaly fields for OLR and U850. Anomalies were calculated by sub-
tracting the daily climatology of the period of 1 January 1982 to 31 December 2011.
Differences in circulation and convection between the MJO and the RCCs are apparent
in the composite time-longitude Hovmoller diagrams of the meridionally averaged (15°S-
15°N) anomalies of OLR and U850 centered at the initiation of the active phase of the
MIJO which is the first day of phase 2; I0-RCC; and WP-RCC (Fig. 3.1). In the MJO
composite, strong signals of both negative OLR and positive U850 anomalies propagated
from approximately 60°E to approximately 180°W over 30 days. However, these sig-
nals were short-lived, weaker, and stagnant for the RCCs. Signals of convective activity
with durations of 10-15 days were present only at approximately 60°E-100°E for the 10-

RCC and approximately 120°E-180°E for the WP-RCC. It is also noted that although
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the applied composite ignored the differences in the propagation speed of MJO events, it
captured the eastward propagation of the MJO and clarified the differences between MJO
and RCCs. These results fit the objective of the present analysis and differences in the
characteristics of the MJO arising from the differences in the propagation speed will be
discussed in the next chapter.

In terms of the signal for convective suppression, interesting similarities were noticed
between the MJO and RCCs (Fig. 3.1). For example, the convective activities of both the
MIJO and I0-RCC were preceded by a signal of anomalously positive OLR that slowly
propagated eastward from approximately 60°E to 180°E over 30 days and ended with
displacement or diminishment of convective activity over the 10 (Fig. 3.1 a, b). Further-
more, the amplitude of the positive OLR anomaly found in the IO-RCC is comparable to
that of the MJO over the 10 and WP regions. On the contrary, the WP-RCC convective
activity over the WP did not appear to be preceded by significant convective suppression
over the same region. However, the WP-RCC convective activities were accompanied by
a strong signal of positive OLR over the IO region that continued to propagate eastward
to the WP well after the convective activity had diminished (Fig. 3.1 c¢). Furthermore,
the magnitude of convective suppression in the WP-RCC was significantly stronger than
the signal of convective activity, whereas these signals were comparable for the MJO.
This indicates that convective suppression in the IO contributes more to the RMM pro-
jection than to convective enhancement in the WP. Therefore, it appears that the onset of
an MJO event and an RCC event is difficult to distinguish solely from the projection of
atmospheric circulation and convection patterns to the RMM. Moreover, the preceding
suppression detected by this composite analysis is not a sufficient condition for the east-

ward propagation of convection nor is it necessary for initiating a burst of a large-scale
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Figure 3.1: Composite Hovmoller of 15°S-15°N averaged anomalies of OLR (contours;
Wm~2) and U850 (color; ms~1) for the (a) MJO, (b) IO-RCC, and (c) WP-RCC. Negative
OLR anomalies are indicated by blue solid lines and positive OLR anomalies are indicated
by magenta dotted lines. Contours are at 3 Wm™? intervals

Differences in the spatial patterns of convection between the MJO and RCCs were
compared by using OLR anomaly composites (Figs. 3.2 and 3.3). We compared the OLR
anomaly composites of the IO-RCC and WP-RCC on day 0 with the MJO composite
at day O and at day 15, respectively. The composite dates of the MJO were chosen to
ensure that the location of the negative OLR signal approximately matched that of the
RCC types at its initiation on the composite Hovmoller diagram. Comparison of the
MIJO and IO-RCC initiation OLR anomalies shows that although both indicate large-
scale convection over the IO region, the IO-RCC convective activity was weaker, and the
center was shifted eastward. This could have been caused by the wider range of RMM
phases that occurs with IO-RCC initiation. Correspondingly, the suppression signal also
shifted eastward for the IO-RCC as compared with the MJO. On the contrary, the WP-
RCC initiation was characterized by strong suppression over the IO and multiple smaller

patches of convective activity over the WP. It is apparent that the WP-RCC lacks the robust
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and widespread negative OLR signal across the eastern edge of the MC to the WP found
in the MJO. This suggests that the WP-RCC is characterized by the prevailing conditions
of convective inhibition over the IO rather than by convection enhancement over the WP.
It is understandable that projection of the RMM to such an atmospheric state is high in
phases 5-7 owing to the high sensitivity of RMM to signals over the 10. The sensitivity
of RMM to convective signals over the 10 arises from the spatial structure of the EOFs of
RMM, in which the highest normalized magnitude for OLR occurs around 90°E in EOF2
(WHO04). On the basis of these results, further analysis was restricted to the IO-RCC and
MJO because it was considered that comparing the WP-RCC and MJO was not expedient
in investigating the properties that distinguish the MJO from other large-scale convective

events.

Figure 3.2: Composite of OLR anomalies (Wm~?) of the MJO at day 0 (a) and at day 15
(b). White contours indicate where the signal is statistically significant at 90%.
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Figure 3.3: Composite of OLR anomalies (Wm~2) for IO-RCC (a) and WP-RCC (b) on
day 0. White contours indicate where the signal is statistically significant at 90%.

3.2 Moist processes during MJO and I0-RCC

To compare the characteristics of the moisture budget that drives the circulation of MJO
and IO-RCC convection, column integrated MSE budget analysis (e.g., Sobel et al., 2014)

was conducted. The column integrated MSE budget equation can be written as

h h
<%Z»r—<vVh>—<w%?w<LW>+<SW>+MHﬁH (3.1

where h is the MSE, v is the velocity, LH and SH are the surface latent and sensible
heat fluxes, respectively, and LW and SW are the longwave and shortwave heating rates,

respectively, and the brackets

1 Psurface
<X >= —/ Xdp (3.2)
g DPtop
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denote column integration.

It is noted here that the MSE budget terms are calculated from the reanalysis data which
are assimilation products that ingest observational data. The certainty of the diagnostic
variables of the reanalysis products is limited by the uncertainties of the parameterizations
employed in the model. Therefore, diagnostic variables involved with the hydrological
cycle (e.g., evaporation) need to be used with special caution as they are products from
parameterizations of highly uncertain processes. It follows that the interpretation of the
MSE budget analysis requires careful consideration of its uncertainties. For example, it is
well known that MSE budget analysis using reanalysis data includes substantial residual
term (Kiranmayi and Maloney, 2011). The magnitude and fluctuation of each MSE budget
term should be interpreted qualitatively, and independently from each other rather than in
relation with the other terms.

To analyze the MSE budget terms across the regions where MJO convection is active,
the equatorial region (5°S-5°N) from 50°E to 160°W was divided into three segments
of 50° longitude to represent the IO (50°E-100°E), MC (100°E-150°E) and WP (150°E-
160°W) from west to east. The time evolutions of the 11-day smoothed anomaly of the
MSE budget terms of each regional segment between the MJO and 10-RCC are shown in
Figs. 3.4 and 3.5. Composites of the time evolution were centered at the initial day of the
active period of the MJO and IO-RCC as in the previous analysis.

The MSE budget analysis shows that the convective activities of the MJO are organized
into a system that interacts with the large-scale environment to induce cooperative energy
fluxes and advective processes for convective activity. The occurrence of deep convection
during MJO is indicated by the development of anomalously negative vertical advection.

At its peak, vertical advection becomes the dominant term in the MSE budget equation.
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Large increases in radiative heating that coincide with decreases in MSE vertical advec-
tion also imply the development of clouds at high altitudes. The minimum of the vertical
advection term in each region is preceded by high horizontal advection of MSE, which
implies that during MJO, horizontal advection builds up the MSE eastward of the convec-
tive center. This is confirmed by the temporal evolution of the column integrated MSE
anomaly (Fig. 3.6 b).

Eastward movement of the column integrated MSE anomaly is demonstrated by its later
peak occurrence over the eastward regions, which was approximately day 5 for the 10,
day 10 for the MC and day 20 for the WP. It is also noted that horizontal MSE advection
over the MC region was especially high where the MJO is frequently blocked, which
could have contributed to the successful eastward passage of MJO convection over the
MC to the WP. These results are consistent with those in previous studies that suggest the
importance of horizontal MSE advection for the eastward propagation of the MJO (Sobel
et al., 2014; Kim et al., 2014). The rise in latent heat flux lagged the convective signal
by approximately five days over the 10, but was nearly in phase by the time the MJO was
over the WP. This result is consistent with Hendon and Salby (1994) who showed that
low-level westerlies which lagged convective activity over the IO came into phase as the
MIJO proceeded to the WP.

Fluctuation of the MSE budget terms associated with activities of deep convection, such
as the vertical advection and net radiation terms, was significantly weaker for the IO-RCC
and appeared only over the IO and MC (Fig. 3.5). Over the 1O, the peak vertical advection
term was approximately half, and the peak radiative heating term was approximately one-
third of the peak values during the MJO. By the time convection shifted eastward to the

MC, the magnitude of these signals was even weaker. Over the WP, the signs of these
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Figure 3.4: Time evolution of 11-day running mean MSE budget terms (Wm™2) during
the MJO for the IO (a), MC (b), and WP (c) regions. Colors signify vertical advection

(red), horizontal advection (purple), net radiation (yellow), sensible heat (orange), and
latent heat (blue). Day O was set as the day of initiation of the active phase of the MJO.
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Figure 3.5: Time evolution of 11-day running mean MSE budget terms (Wm™2) during
I0-RCC for the 10 (a), MC (b), and WP regions (c). Colors signify vertical advection
(red), horizontal advection (purple), net radiation (yellow), sensible heat (orange), and
latent heat (blue). Day O was set as the day of initiation of IO-RCC events.
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signals remained consistent throughout the analysis period. That is, they were positive for
the vertical advection term and negative for the net radiation term, which indicates weak
convective activity. In relation to the weaker convective activity, the latent heat flux that
followed the convective activity was also notably smaller. We also note that, as compared
with the MJO, horizontal advection of the MSE was small prior to the convective initiation
over the IO and was barely existent in the MC and WP. As a result, the [O-RCC convection
initiated over conditions with a small buildup of MSE and moisture over the IO and MC,
and no buildup of MSE over the WP (Fig. 3.6 b). The characteristics of the MSE budget
terms show that although IO-RCC are events of convective activity that had a significant
amplitude of RMM projection in phases 2-4, the nature of the convective activity is much
shallower. This is indicated by the small magnitude of the vertical advection term, and
the suggestion that convection is lacking large-scale circulation that strongly interacts

with the large-scale environment.
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Figure 3.6: Time evolution of 11-day running mean column integrated MSE anomaly
(Wm~2) for MJO (a) and IO-RCC (b) for the IO (green), MC (orange), and WP (magenta)
regions. Day 0 was set as the day of initiation of the active phase of MJO and 10-RCC
events.
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Figure 3.7: Composite Hovméller of 15°S-15°N averaged U850 (contours; ms™') and
precipitable water (color; kgm™2) for the (a) MJO, and (b) IO-RCC.

The figure indicates that during MJO increased precipitable water developed eastward
of the convective activities, but for the IO-RCC precipitation increase was limited west-
ward of the MC. Furthermore, U850 pattern combined with the precipitable water dis-
tribution implies that during the MJO there was westward advection of moisture by the
easterlies leading the MJO. Such supply of moisture was not available for the IO-RCC

where the maximum precipitable water is taking place at the eastern edge of the 10.

3.3 Background SST during MJO and I0-RCC

SST fields associated with the MJO and IO-RCC were compared to investigate whether
the background SST fields contributed to the differences in the MSE budget terms. SST
variation at the MJO and longer timescale acts as a background SST field for convective

activities that influence the large-scale MSE budget through its effects on surface moisture
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flux and advection, and by inducing low-level convergence. With this in mind, compos-
ites of SST anomalies (SSTA) that occurred during the MJO and IO-RCC were made.
The SSTA were separated into low and high frequency SSTA (LF-SSTA and HF-SSTA,
respectively) fields to distinguish those signals at time-scales longer than the MJO from
those at timescales comparable with the MJO (Figs. 3.8 and 3.9). LF-SSTA is defined as
a 60 day low-pass filtered SSTA and HF-SSTA is defined as a 20-60 day band-pass fil-
tered SSTA using a Lanczos filter (Duchon, 1979). 60 days was selected as the threshold
between the LF-SSTA and HF-SSTA because MJO convection requires approximately 30
days to propagate from the IO to 180°E (Fig. 3.1).

Examination of the composite HF-SSTA showed that the MJO and 10-RCC were ac-
companied by a similar response in the SST to the preceding suppression and to the fol-
lowing convective activities (Fig. 3.8 a and 3.8 b). The HF-SSTA pattern was quite
similar for both the MJO and I0-RCC. After initiation, at day 0, both the MJO and 10-
RCC showed a common feature of negative SSTA spreading over the 10 and a positive
anomaly prevailing over the WP (Fig. 3.8 c and 3.8 d). However, the eastern edge of the
MC at approximately 120°E, showed an opposite HF-SSTA sign between the MJO and
IO-RCC, with the MJO having a positive SSTA. This is consistent with the finding that
the center of convection shifted eastward for the IO-RCC as compared with the MJO; the
signal of negative OLR of the IO-RCC extended to the eastern edge of the MC, where the
opposite SSTA for the MJO was located (Fig. 3.3). A similar SST response to convective
activity was apparent in the composite Hovmoller diagram for the HF-SSTAs of MJO and
I0-RCC. Both showed increased SSTAs with the passage of the suppressed convective
conditions from the IO to the WP and decreases in the anomaly as convection developed

over the 10. Such responses by the ocean to the atmosphere is consistent with the ocean-
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atmospheric feedback documented in previous studies (Shinoda et al., 1998; DeMott et
al., 2015). Although the magnitude of the SSTA fluctuation was larger for the MJO, ow-
ing to its stronger and long-lasting convection, the overall pattern of HF-SSTA preceding
and during convection over the IO was very similar to that of the IO-RCC. These results
imply that the coupling of convection and the ocean is similar between MJO and 10-RCC.
Therefore it follows that regarding the high frequency response, convective activity and

suppression of the MJO and IO-RCC have similar effects on SSTs.
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Figure 3.8: Composite of HF-SSTA at day O (top), and composite Hovmoller diagram
of 15°S-15°N averaged HF-SSTA (shading; °C) and OLR anomalies (contour; bottom;
Wm~2) for the MJO (left) and IO-RCC (right). Contours on the day 0 composite (a and
b) indicate statistically significant signal at 90%.

However, the MJO and IO-RCC are associated with strikingly different LF-SSTA fields

(Fig. 3.9). At their initiation, the MJO and IO-RCC displayed a nearly reversed LF-SSTA
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pattern from the eastern MC to the WP (Fig. 3.9 a and 3.9 b). A warm anomaly spread
from the equatorial WP for the MJO, whereas a cold anomaly occurs for the [O-RCC. This
contrast was the most distinct over the WP, where the positive and negative anomalies
exhibited respective peaks for the MJO and IO-RCC. Although it was not as strong as
over the WP, the MJO (I0-RCC) shows a positive (negative) LF-SSTA pattern over the
IO as well. Moreover, both the MJO and IO-RCC showed a positive LF-SSTA field over
the MC region. It is also noted that at the initiation of the MJO, an overall increase in
the equatorial LF-SSTA occurred toward its peak over the WP. The different LF-SSTA
patterns for the MJO and I0-RCC were also distinct in the Hovmoéller composite of LF-
SSTA (Fig. 3.9 ¢ and 3.9 d). For the MJO, positive LF-SSTA began to prevail across
the entire region from the IO to WP from approximately 10 days prior to initiation until
the passage of the convective activity. In contrast, for the IO-RCC, the LF-SSTA was
positive over the MC and negative elsewhere for almost the entire event duration, with
the exception of a warm anomaly over the western 10 before initiation. It is apparent
that IO-RCC convective activities initiated over the IO, where the LF-SSTA is relatively
warm at approximately 60°E, and spread eastward only up to the point at which the LF-
SSTA reached its maximum at approximately 110°E. This result implies that although
the MJO developed under conditions in which the buildup of moisture and MSE was
supported by the eastward-increasing LF-SSTA pattern, a supply of moisture and buildup
of MSE sufficient for development of convective activity into a large-scale system was
not supported eastward of the MC during the IO-RCC owing to the negative LF-SSTA
over the WP.

From the results of the LF-SSTA analysis, it is speculated that background conditions

with an eastward increase of SST from the IO to the WP are important for the devel-
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Figure 3.9: Composite of LF-SSTA at day O (top), and composite Hovmoller diagram
of 15°S-15°N averaged LF-SSTA (shading; °C) and OLR anomalies (contour; bottom;
Wm~2) for the MJO (left) and IO-RCC (right). Contours on the day 0 composite (a and
b) indicate statistically significant signal at 90%.

opment of MJO. The frequency of MJO events as a function of SST difference between
the equatorial WP and 1O was analyzed to provide statistical evidence for the importance
of the zonal SST gradient on the MJO. The WP and IO regions are defined as the area
within 120°E-180°E, 5°S-5°N and 60°E-120°E, 5°S-5°N, respectively, and the difference
in area-averaged SST between the WP and IO is defined as a simple index of zonal SST
gradient (WP-I10).

The frequency distribution of daily WP-10 during 1982-2012 binned by intervals of
0.4°C is shown in Fig. 3.10. The WP-IO peak was centered at 0.2°C, which is consistent
with the climatological average of WP-10 at 0.3°C. With this in mind, histograms of the

ratio of occurrence of MJO and I0-RCC sorted by the WP-IO value at their initiation
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Figure 3.10: Histogram of area averaged SST difference of WP (5°S-5°N, 120°E-180°E)
from 10 (5°S-5°N, 60°E-120°E) in 1982-2012. Bins are at 0.4°C intervals with median
values indicated at the bottom.

are shown in Fig. 3.11 a and 3.11 b, respectively. The value of WP-IO at the initiation
is calculated from the average of WP-IO 10 days before the initiation of MJO or 10-
RCC. It is apparent that, although MJO events were distributed around the mean WP-
IO value with a slight negative skewness, the IO-RCC occurrences were concentrated
at the mean. Considering the basic WP-1O frequency distribution, we normalized the
number of MJO and IO-RCC events in each WP-10 bin by the number of days of WP-10
itself in each bin from 1982 to 2012. This shows the deviation of the MJO and 10-
RCC frequency distribution from the frequency distribution of WP-I10O. This normalized
frequency distribution helped to clarify the actual influence of WP-IO on MJO and 10-
RCC development. The normalized MJO frequency (Fig. 3.11 ¢ and 3.11 d) increased
with the WP-IO value, which indicated that the MJO tends to be more frequent when

the WP-1O is higher. Conversely, the normalized frequency of the IO-RCC showed no
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Figure 3.11: Ratio of occurrence of MJO (left) and IO-RCC (right) sorted by the WP SST-
IO SST at their iniation (top) and normalized ratio by the total number of occurrences of
WP-IO values between 1982 and 2012 (bottom).

consistent trend with the WP-IO and assumed a similar value across the range of the
WP-10.

It is conceivable that such a large-scale SST pattern is linked to interannual variability of
the El Nifio Southern Oscillation (ENSO; Trenberth, 1997) and El Nifio Modoki (Weng
et al., 2007). Regarding the ENSO, no significant bias was noted in the frequency of
occurrence in the MJO or IO-RCC. Figure 3.12 shows the ratio of occurrence of MJO
and IO-RCC for a given range of SSTA of the Nifio 3.4 index. For both the MJO and
IO0-RCC, the peak was located around the center of the distribution of the Nifio 3.4 index.
The unevenness of the IO-RCC histogram is most likely attributed to the small sample

size. Furthermore, the patterns of composite LF-SST for both the MJO and IO-RCC
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were statistically insignificant eastward of 150°W (not shown), which indicates that the
eastern Pacific SST is not dominant in modulating MJO or IO-RCC activities. In contrast,
the MJO frequency of occurrence appears to be related to El Nifio Modoki, which is
associated with SSTAs over the central Pacific. The ratio of occurrence of MJO and 10-
RCC for a given range of El Nifio Modoki index (EMI; Ashok et al., 2007) are shown
in Fig. 3.13 where EMI is defined as difference between the area averaged SSTA in the
central Pacific (165°E-140°W, 10°S-10°N), and that in the eastern and WP (110-70°W,
15°S-5°N and 125-145°E, 10°S-20°N, respectively). The figure indicates that although
the MJO tends to occur more frequently when the EMI is high, the occurrence of IO-RCC
is apparently unaffected by the EMI. This result is consistent with the LF-SSTA analysis
showing that positive SSTAs from the WP to central Pacific are favorable for MJO events,
and El Nifio Modoki can contribute to the formation of the LF-SSTA pattern associated
with the MJO.

The frequency of MJO and IO-RCC occurrence in relation to the SST over IO were
also investigated. Figure 3.14 show the ratio of MJO and IO-RCC occurrence by the area
averaged SST over 10 (5°S-5°S, 60°E-120°E) at their initiation. The histograms show
that the frequency distributions were similar between MJO and IO-RCC with a positive
skewness. For both MJO and IO-RCC, events occurred most frequently around 28.5°C,
near the climatological value of IO (28.8 °C). The similarity of the two histograms implies
that the SST over equatorial 10 alone does not strongly influence whether a convective
event develops into an MJO or not.

Further analysis was conducted to confirm that the SST pattern associated with the
MJO, characterized by a spreading warm anomaly over the WP, is present in all seasons.

A composite of the LF-SSTA for each season was made by categorizing MJO events ac-
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Figure 3.12: Ratio of MJO(a) and IO-RCC(b) occurrence according to the Nifio 3.4 index
value at their initiation. Bins are at 1.0°C intervals with median values indicated at the
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Figure 3.13: Ratio of MJO(a) and IO-RCC(b) occurrence according to the El Nifo
Modoki index value at their initiation.

cording to their initiation date, from December to February (DJF), March to May (MAM),
June to August (JJA), and September to November (SON; Fig. 3.15). Seasonal differences
were apparent, especially over the eastern edge of the MC, where LF-SSTAs are negative
for DJF and MAM but positive for JJA and SON. However, we note that all seasons
showed positive LF-SSTAs over the equatorial WP from 150°E to 180°E, where positive
LF-SSTAs were found to be significant in an MJO composite of all events. Although

some seasonal variations were noted, the overall results reinforce our view that high SST
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Figure 3.14: Ratio of MJO(left) and IO-RCC(right) occurrence according to the area
averaged SST over IO (5°S-5°S, 60°E-120°E) at their initiation.

over the WP enhances MJO development.
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Figure 3.15: Composite of LF-SSTA at initiation of MJO during each season: (a) DJF,
(b) MAM, (c) JJA, and (d) SON.

3.4 Summary and discussion

This chapter revealed MJO characteristics that distinguish them from tentatively orga-
nized convective events that fail to become an MJO. To identify these characteristics, days
with a high RMM amplitude were classified into MJO and two types of RCC events by

incorporating continuity into the RMM phase sequence. Two types of RCC were catego-
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rized according to the location of the convective activity, in which IO-RCC and WP-RCC
were associated with convective activity over the IO and WP, respectively. However, it
was determined that WP-RCC was characterized by strong suppression over the IO and
only weak convective activity over the WP. Therefore, WP-RCC events were not included
in further analysis and comparisons between the MJO and IO-RCC were conducted. Al-
though this simple classification method for MJO and RCC is by no means definitive,
our findings demonstrated that the results are sufficient for distinguishing intraseasonal
eastward propagating events as MJO and short-lived stagnant convective events as RCC.
Intriguingly, comparison of the convectively suppressed state associated with the MJO
and IO-RCC indicated that the intensity of the convective suppression preceding a con-
vective event was not a critical factor in determining whether a convective event becomes
an MJO. However, the MSE anomaly that developed in association with the circulation
differed; convective activities of the MJO were preceded by a significant buildup of MSE
and were accompanied by cooperative MSE flux and advective processes for convection.
Such MSE accumulation processes were weak during the IO-RCC. Therefore, we infer
that initiation of convection over an environment with the potential for MSE buildup is
important for the development of an MJO. Thus, we investigated for such an MJO en-
hancing background through analysis of the SST. Analysis of different frequency SSTA
fields showed that the LF-SSTA pattern distinguished the MJO from 10-RCC. Compos-
ites of the LF-SSTA showed contrasting patterns for the MJO and IO-RCC, in which they
were associated with positive and negative SSTAs over the WP, respectively. Conversely,
the HF-SSTA pattern, arising from changes in SST owing to air-sea interaction, showed a
similar spatial and temporal evolution pattern for both the MJO and I0-RCC. Our results

showed that as a function of a positive zonal SST gradient from IO to WP, the likelihood of
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MJO occurrence rises with an increase in the zonal SST gradient. This positive zonal SST
gradient could have contributed to the difference in the accumulation of the precipitable
water during MJO and IO-RCC; i.e. the warmer water towards the WP should support
greater build-up of precipitable water eastwards to the WP. This in turn would contribute
to the build-up of MSE by westward horizontal MSE advection. Such processes were
suggested to be important from the analysis of this chapter.

Hence, we infer that warming of the SST over the WP and generating a positive zonal
SST gradient from the 10 to the WP at timescales longer than intraseasonal is important
for MJO development. However, how this background SST distribution influences the
moist processes involved with the MJO needs closer examination with analysis on the
background circulation driven by the background SST. The mechanisms for how the zonal

SST gradient develop and are maintained also needs to be addressed in future work.
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Modulation of MJO propagation by

zonal SST gradient
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Chapter 5

Analysis of MJO in NICAM-AMIP

experiment

Reproducing the MJO in atmospheric models have been known to be notoriously dif-
ficult. NICAM is one of the few models which have seen some success in simulating
the MJO (e.g., Miura et al., 2007; Miyakawa et al., 2014). However, due to the high
computational cost of excluding cloud parameterization by computing cloud microphysi-
cal processes explicitly, NICAM simulations have often been restricted to relatively short
simulations. The simulation on NICAM by Kodama et al. (2015) following atmospheric
model intercomparison project (AMIP; Gates, 1992) protocol was a first climate simu-
lation by NICAM using 14km mesh. The simulation spanned for over 30 years from 1
June 1978 to 31 December 2008 and enabled analysis on statistical properties of MJO
and other atmospheric phenomena in NICAM for the first time (Kodama et al., 2015;
Kikuchi et al., 2017). In this research, the methods used to analyze MJO events in the
reanalysis data were applied to NICAM-AMIP simulation results. The analysis focused
on evaluating the reproducibility of the relationship between MJO propagation speed and

background environment in the NICAM-AMIP run. Following Kodama et al. (2015),
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spin-up time of 7 months was taken and data starting from 1 January 1979 were used for
this study. Differences in the analysis results between NCEP-NCAR Reanalysis data and

NICAM-AMIP data will be discussed.

5.1 Detection of MJO events in NICAM-AMIP experi-

ment

To analyze the properties of MJO simulated in NICAM-AMIP experiment, the method
of MJO detection and tracking was applied to the NICAM-AMIP data. To calculate the
RMM sequence, eigenvectors calculated from NCEP-NCAR Reanalysis1 data were used
as in chapter 2 instead of using eigenvectors calculated from NICAM-AMIP data. Al-
though the first two CEOF of OLR, U850, and U200 of the NICAM-AMIP data showed
some resemblance to the structures of the CEOFs of the original WHO04 (Fig. 5.1) when
the order was reversed, there were also some notable differences. For example, there is a
strong peak in OLR approximately at 60°W in CEOF2 which was not seen in either of the
first two CEOFs of NCEP-NCAR data, implying that the amplitude of the variability of
OLR over that region was higher than observed. It is also noted that the first two CEOFs
calculated from NICAM-AMIP data only explained 15.0% and 14.2% of the variance
where CEOFs calculated from NCEP-NCAR data explained 18.5% and 17.2%, respec-
tively. These results were consistent with previous analysis on intraseasonal variability by
Kikuchi et al. (2017), who showed that the structure of the CEOF calculated from boreal
winter data of NICAM-AMIP showed a close resemblance to the CEOF calculated from
observational data when the order of the first two CEOFs of NICAM-AMIP was reversed.

It was determined that calculating the RMM sequence using the eigenvectors calculated
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from NICAM-AMIP was not suitable for the purpose of this study since the objective
was to assess the representation of MJO events as compared with the MJO in the real
world. In calculating the RMM sequence, the projection of NICAM-AMIP data to first
two CEOFs derived from NCEP-NCAR data was calculated. The trajectory of the pro-
jection of NICAM-AMIP data for the entire period of the analysis (May 1979 to August
2008) is shown in Fig. 5.2 along with the projection of NCEP-NCAR Reanalysis1 data for
comparison. From the figure, the curvature of the RMM trajectory from NICAM-AMIP
appears to be higher than that of NCEP-NCAR Reanalysis. This indicates the tendency of
the RMM in NICAM-AMIP to fall more quickly than in reality. However, the amplitude
of the RMM trajectory appears to be sufficiently at times to apply the method described
in chapter 2 as is to detect MJO events in NICAM-AMIP simulation. It is also noted
here that the method of MJO detection described in Kikuchi et al. (2017) applying bi-
modal intraseasonal oscillation index (ISO; Kikuchi et al., 2012) requires amplification
of the amplitude of the index for NICAM-AMIP approximately by a factor of 2 since the
amplitude is too weak to apply the method as is. The difference in the amplitude of the
RMM index and the bimodal ISO index in NICAM-AMIP seems to be due to the differ-
ence in the variables used to construct the index. The bimodal ISO index uses only OLR,
whereas RMM uses proxies of both convection (OLR) and circulation (U850 and U200).
The inclusion of the circulation proxies should contribute to the higher amplitude of the
RMM index since the structure of the CEOF of the circulation proxies was more similar
to reality than the convection proxy (Fig.5.1; Kikuchi et al., 2017), and therefore should
project better to the RMM derived from observational data than the OLR.

As a result of applying the methods of MJO detection described above, 51 events of

MJO were detected in the period of the analysis. This amounts to the average of approxi-
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Figure 5.1: Structure of the first two CEOF, (a) CEOF1 and (b) CEOF2 of de-seasoned
OLR (red), U850 (blue), and U200 (orange) of NICAM-AMIP simulation (solid line) and
NCEP-NCAR (dotted-line). Note that CEOFs of NCEP-NCAR data are plotted together
with CEOF1 and CEOF2 of NICAM-AMIP.

mately 1.7 events per year, which was smaller than the value of approximately 3.8 events
per year in the analyzed NCEP-NCAR data. The cause of the difference in the occurring
number of MJO events is investigated from the seasonality of MJO events. Figure 5.3
shows the distribution of MJO events during NICAM-AMIP simulation. In this analysis,
the month of an MJO event was determined from the month of the average date between
the first day of phase 2 and the last day of phase 7 of the event. The figure shows that the
distribution of MJO events in NICAM-AMIP simulation was concentrated in late boreal
winter with 58% of the events occurring from January to March. Conversely, MJO events
were sparse during the boreal summer months and there were no MJO events during June,
August, and September. The preference of MJO events to occur more in late boreal winter
and less in boreal summer is consistent with the seasonality of frequency of MJO events
in observation (Wang and Rui, 1990, Fig. 5.3 a). However, MJO occurrence in the real
world is distributed much more evenly across the seasons; January to March MJO only
accounted for 30% of the events, and 23 events occurred in June, August, and September

together in NCEP-NCAR data. What were the causes of the biases in the seasonality of
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Figure 5.2: A trajectory of the RMM sequence from May 1979 to August 2008 for (a)
NCEP-NCAR Reanalysis and (b) NICAM-AMIP data.

MIJO occurrence, and the low number of events in total will be discussed in the following

sections.

Number of events
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Figure 5.3: Histogram of occurrence of MJO events by the month for (a) NCEP-NCAR
Reanalysis and (b) NICAM-AMIP data
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5.2 Propagation speed of MJO in NICAM-AMIP simu-

lation

Following the method in chapter 2, MJO propagation speed was tracked for each event
in NICAM-AMIP. In the tracking, 13 events did not pass the t-test on the regression line
and were not designated a propagation speed. 10 out of the 13 events had propagation

speed ranging from 0 ms~! to 2.5 ms~!

, and appeared to show no eastward propagation.
The average propagation speed in NICAM-AMIP was 3.8 ms~! which was slower than
the 4.5 ms~! in NCEP-NCAR data. Consistency between the MJO propagation speed
and angular speed on RMM phase space was also checked accordingly, and one event
was removed from the analysis due to the inconsistency between propagation speed and
angular velocity. Figure 5.4 indicates that the propagation speed calculated from OLR
tracking shows a linear relationship with the average angular speed from phase 2 to phase
7 of the event. In this way, MJO propagation speed was designated to 36 MJO events
in NICAM-AMIP simulation, and further analysis on MJO was conducted on these 36
events. It is noted that the regression line of the plot of MJO propagation speed and angu-
lar velocity was almost parallel between NICAM-AMIP and NCEP-NCAR data. How-
ever, compared with the regression line of the NCEP-NCAR data, the regression line of
the NICAM-AMIP was shifted downward indicating that the overall propagation speed
in NICAM-AMIP was slower than in reality. This was also recognized in the histogram
of MJO by their propagation speed (Fig. 5.5). The histogram shows that the distribution
of MJO propagation speed in NICAM-AMIP was skewed towards slower events, and the

bin of minimum propagation speed with MJO occurrence was lower than that of NCEP-

NCAR Reanalysis data. The causes for the slowness of the MJO propagation speed in
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NICAM-AMIP will be investigated and discussed in the following sections.
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Figure 5.4: The propagation speed of MJO plotted against the angular speed of MJO
events detected in NCEP-NCAR Reanalysis (red) and NICAM-AMIP (blue). The regres-
sion lines of the plots for each data set are also shown in their respective colors.
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Figure 5.5: Histogram of occurrence of MJO events by their propagation speed for (a)
NCEP-NCAR Reanalysis and (b) NICAM-AMIP data
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5.3 Modulation of MJO propagation speed in NICAM-

AMIP simulation

The relationship of MJO propagation speed and zonal SST gradient from 1O to WP was
examined in the same way as described in chapter 3. Figure5.6 shows MJO propagation
speed plotted against the WP-IO defined in the previous chapter as an index of zonal
SST gradient between IO and WP. It appears from the plot that MJO propagation speed
and WP-IO do not show much correlation. However, when the boreal winter events,
defined here as MJO events that occurred between December and April, were examined
by themselves, the correlation increases to -0.44, close to the value shown by the MJO
events in NCEP-NCAR data. It is noted though that the relationship between propagation
speed and WP-IO of the winter events appears to be tilted towards slower propagation
speed than in the NCEP-NCAR plot. Therefore, slower MJO was associated with given
WP-IO in the NICAM-AMIP simulation than in reality.
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Figure 5.6: Scatter plot of MJO propagation speed (ms~!) and WP-IO (°C). The events
during boreal winter and summer are colored blue and red, respectively.
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Furthermore, MJO propagation speed of events in boreal winter and LF-U850 over MC
in NICAM-AMIP simulation also showed a negative correlation (-0.43) with each other
(Fig. 5.7). This result was consistent with the relationship found between propagation
speed and LF-U850 in the reanalysis data. However, as with the correlation between
propagation speed and WP-10 index, the correlation drops to -0.29 if the summer events
are included in the analysis.
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Figure 5.7: Scatter plot of MJO propagation speed (ms~!) and LF-U850 over MC. The
events during boreal winter and summer are colored blue and red, respectively.

The results of this analysis on NICAM-AMIP MJO interestingly showed consistency
with the analysis on MJO in the real world which indicated slowing of the MJO with the
intensification of zonal circulation driven by the zonal SST gradient for the boreal winter
MIJO events. However, slow bias was present in all of the analysis including analyses
restricted to boreal winter events. Also intriguingly, a decrease in the correlation between
propagation speed with WP-10 and LF-U850 was observed in the boreal summer season
when MJO events tended to be undetected by the applied method. Possible causes for the

slow bias in the boreal winter events and discrepancies found in the boreal summer events
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with the results from analysis on real-world MJO will be discussed in the next section.

5.4 Discussions and summary

5.4.1 Slow bias of MJO propagation speed in NICAM-AMIP simu-

lation

The results of the last section indicated a systematic slow bias in the simulated MJO
in NICAM-AMIP run. The sluggish propagation of MJO convection was recognized
from the composite Hovmoller diagram of OLR for 10 slowest MJO events (Fig. 5.8).
There was persistent convective activity over the MC in the whole duration of the slow
MIJO, and it appeared that rather than propagating eastward, convective activity seemed to
spread its active region eastward to approximately the dateline. The average duration and
propagation speed of the active phase of the slow events in NICAM-AMIP was 58 days
and 1.5 ms~! respectively. The duration was longer compared to 44 days, and speed was
slower compared to 1.7 ms™! for the slow MJO of NCEP-NCAR Reanalysis. It was also
noted that the occurrence of slow MJO events in NICAM-AMIP simulation was highly
biased to January, with 8 out of 10 of the slow MJO occurring in January. The other two
events were in February and March. In comparison, slow MJO events in NCEP-NCAR
Reanalysis occurred between September to February, with a slight preference to February
with the occurrence of 4 events.

Following the protocol of AMIP, sea surface condition was given in NICAM-AMIP
simulation by nudging SST and sea ice to the monthly mean value of Hadley Centre Sea
Ice and Sea Surface Temperature data (Rayner et al., 2003) using a slab ocean model.

Therefore, it is unlikely that there are large biases in the SST fields especially in long
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time-scale which was found to influence the behavior of MJO propagation. Thus biases

over land and circulation were examined.
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Figure 5.8: Composite Hovmoller of 15°S-15°N averaged OLR of the slow MJO in
NICAM-AMIP simulation.

Taking note that slow MJO events were concentrated in January, the climatology of low-
level winds and ground temperature during boreal winter were examined and compared
with the climatology in NCEP-NCAR Reanalysis. Figure 5.9 shows the three months
mean of 850 hPa horizontal winds and surface temperature from January to March of the
30-year climatology of NCEP-NCAR Reanalysis and NICAM-AMIP simulation. For the

NCEP-NCAR Reanalysis, 3 months climatology of skin temperature was used to compare
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with the ground temperature of NICAM-AMIP since it was the closest available temper-
ature product to ground temperature. Comparing the two climatologies, it was noticed
that the ground temperature of NICAM-AMIP over Australia was much higher than the
skin temperature over the same area in the reanalysis data. The difference reached close
to 10°C in the wide region over central Australia. The cause for the high ground tem-
perature bias has been identified as a fault in the model setting in which sulfate aerosols
were transparent to radiation (Miura, 2018, personal communication). Another notice-
able difference was identified in the low-level westerlies over the MC. Comparison of the
westerlies in Fig. 5.9 between NICAM-AMIP and reanalysis indicated stronger wester-
lies across the MC for NICAM-AMIP. The westerlies were almost as twice as strong as
the westerlies in the NCEP-NCAR climatology, around where the climatological wester-
lies took their maximum, from approximately 120° to 140°E. Taken together, it appeared
that the Australian Summer Monsoon, characterized by westerlies over the MC (Kajikawa
et al., 2009), was unrealistically strong in the NICAM-AMIP simulation due to the high
ground temperature over Australia.

The climatological ground temperature and the zonal wind over the MC appeared to
take unrealistic values as consequences of unrealistic setting in the model physics. How-
ever, the systematic tendency of MJO propagation speed to be slower in NICAM-AMIP
under stronger climatological westerlies over MC was interestingly consistent with the re-
sults of the previous chapter. It was also intriguing that MJO propagation speed appeared
to be modulated in two scales; systematic slowing of MJO events by stronger climatolog-
ical westerlies over the MC, and modulation of the variation of MJO propagation speed
within NICAM-AMIP simulation so that they are still negatively correlated with the zonal

SST gradient and the strength of the low-level westerlies over the MC.
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It was also noted that with the systematic slowing of the MJO in boreal winter, duration
of MJO events had become longer. Many of the boreal winter MJO events in NICAM-
AMIP spanned for nearly two months from January to February. In contrast, most of the
MIJO events in the real world only lasted for one to 1.5 months. As a result, MJO events
could not develop as frequently as they did in the real world since MJO events usually
only develop one at a time and lengthening of an event will lead to the later initiation of

the subsequent event.

Figure 5.9: January to March climatology of 850 hPa winds (vectors) with the region of
westerlies contoured, and surface temperature (color; °C), for (a) NCEP-NCAR Reanal-
ysis and (b) NICAM-AMIP reanalysis data. The surface temperatures for NCEP-NCAR
Reanalysis is skin temperature, and for NICAM-AMIP is the ground temperature.

Causes for the deficit of MJO events in the boreal summer months were also inves-
tigated from a comparison of the 30-year climatology of atmospheric conditions during

those months. As in the analysis in the previous section, three months climatology from

June to August of surface temperature (°C) and 850 hPa zonal winds are shown for NCEP-
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NCAR Reanalysis and NICAM-AMIP simulation (Figs.5.10 a, b). Here again, the skin
temperature of NCEP-NCAR Reanalysis was used to compare surface temperatures with
NICAM-AMIP run. Likewise with the temperature over Australia in the boreal winter, the
climatology of ground temperature was much higher in NICAM-AMIP run than in reanal-
ysis data. This was especially noticeable over the Arabian Penninsula where climatology
of ground temperature reached above 40 °C in the northeastern parts of the peninsula.
There were also noticeable differences in the 850 hPa winds between NICAM-AMIP and
reanalysis. The horizontal winds over the Arabian Sea had a stronger meridional com-
ponent in the NICAM-AMIP simulation, and the location of the westerlies had stronger
northward tilt from the eastern tip of Somalia to Pakistan. The region of strong westerlies
in the reanalysis data only reached northward approximately to the southern border of
Pakistan. The location of maximum westerlies was also shifted northward for NICAM-
AMIP over the Bay of Bengal. It appeared from the figure that there was a slight change
in the course of the Indian summer monsoon (Fieux and Stommel, 1977) in the NICAM-
AMIP simulation.

Following the analysis of the surface temperature and low-level winds, the climato-
logical location of deep convection during the boreal summer months was investigated
from OLR. Figure 5.10 ¢ and d show the three months climatology from June to August
of OLR, with 850 hPa winds as in Figs. 5.10 a and b. The figure shows that while the
location of minimum OLR takes place around the eastern edge of the Bay of Bengal in
the reanalysis data, it is shifted northward to India and Bangladesh in NICAM-AMIP run.
The northward shift of the OLR minimum during the boreal summer months in NICAM-
AMIP implies a further northward shift of boreal summer MJO events. This would cause

MJO events to be undetected in the current MJO detection method since RMM projection
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is made on 15°S-15°N averaged OLR and is consistent with the small number of MJO
events during boreal summer in NICAM-AMIP simulation. If this is the case, a different
method will be required for further investigation of intraseasonal variability during boreal

summer in NICAM-AMIP run.

Figure 5.10: June to August climatology of 850 hPa winds (vectors) with region of west-
erlies greater than 5 ms™! contoured, surface temperature (color in red shades; °C) and
OLR (June to August climatology of 850 hPa winds (vectors) with region of westerlies
greater than 5 ms~! contoured, surface temperature (color in red shades; °C) and OLR
(color in blue shades; Wm~2) for (a and ¢) NCEP-NCAR Reanalysis data and (b and d)
NICAM-AMIP data. The surface temperatures for NCEP-NCAR Reanalysis is the skin
temperature, and for NICAM-AMIP is the ground temperature.

54.2 Summary

In summary, MJO events were detected in NICAM-AMIP simulation data using the
same RMM methods as in reanalysis data, and their properties with the MJO in the real

world were compared. The number of detected MJO events was smaller in NICAM-
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AMIP, and it was attributed to two systematic biases within the simulation. The first
was, due to the northward shift of the location of the climatological minimum of OLR
during boreal summer, MJO events during boreal summer tended to be undetected using
the RMM. The second was thought to be from the systematic slow bias in the propagation
speed in boreal winter; slower MJO events were longer in duration, and the number of
events within one boreal winter season decreased.

Despite these biases, MJO in NICAM-AMIP simulation interestingly displayed a con-
sistent relationship between MJO propagation speed and environmental fields as the ob-
servation. Although the correlation was weaker than in reanalysis data, MJO propagation
speed was negatively correlated with both the indices of the zonal SST gradient and zonal
circulation strength. The reproduced relation of the MJO propagation speed and back-
ground fields and the systematic slow bias of MJO propagation speed was consistent with
other analysis which pointed to the slowing of the MJO with the intensification of the
large-scale zonal circulation. It also showed modulation of MJO propagation at two lev-
els, which may reflect the modulation of MJO propagation speed occurring at two differ-
ent scales. However, more evidence to support this view is needed to make this argument

and will be a topic for future research.
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Chapter 6

Summary and general conclusions

6.1 Summary and discussions

This study motivated by the notion that MJO may be explained as a forced response
from the large-scale environment has revealed some intriguing relationship between MJO
and background states in which they occur.

Investigation on the environment supporting MJO development was conducted from a
comparison of MJO and other tentative convective events, RCC, which was classified by
constructing a classification method of convective activities. Contrary to some preexist-
ing results (Hirata et al., 2013; Kim et al., 2014), this analysis showed that even when
preceded by a major convective suppression event, convective events did not develop into
an MJO when a large-scale buildup of MSE was inhibited. The difference in the MSE
accumulation between MJO and RCC was related to the contrasting low-frequency basic
state SST pattern; the MJO and RCC events were associated with anomalously warm and
cold low-frequency SSTs prevailing over the western to central Pacific, respectively. Dif-
ferences in the SST anomaly field were absent from the intraseasonal frequency range of

20-60 days. The basic state SST pattern associated with the MJO was characterized by a
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positive zonal SST gradient from the IO to the WP, which provided a long-standing con-
dition that allowed for sufficient buildup of MSE across the 10 to the WP via large-scale
low-level convergence over intraseasonal and longer timescales. The results suggested
the importance of such basic state SST, with a long-lasting positive zonal SST gradient,
for enhancing convection over a longer than intraseasonal timescale to realize a complete
MJO lifecycle.

On the basis of the findings in chapter 3, GCMs in the absence of air-sea coupling
should have the potential to reproduce the MJO as long as the prescribed SST is favor-
able for MJO development. This inference is supported by the fact that some GCMs are
capable of simulating MJO-like disturbances if observed or climatological mean SSTs
are given and that their representations are improved by air-sea coupling (e.g., Inness and
Slingo, 2003; Benedict and Randall, 2011; Klingaman and Woolnough, 2014; DeMott et
al., 2014). Furthermore, the basic-state SST field that was considered essential was on a
timescale much longer than that of MJO and was not a product of SST response to convec-
tive suppression (Shinoda et al., 1998). However, changes in the HF-SSTA from air-sea
coupling can supplement the MJO supportive background SSTs within an MJO timescale,
as reported by Flatau et al. (1997) and Hirata et al. (2013). Therefore, although the re-
sults of this study indicate the dominant influence of LF-SSTA over that of HF-SSTA
on MJO development, findings of this study do not conflict with their work and others
(e.g., Hendon et al., 1999; Klingaman and Woolnough, 2014). Slowly changing SST is
an influential environmental factor for the MJO because it can provide a near-standing
bottom boundary condition for the atmosphere on an intraseasonal timescale. For exam-
ple, episodes of interannual variability such as positive ENSO and positive IOD modes

tend to produce faster MJO events (Izumo et al., 2010; Pohl and Matthews, 2007) and
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vice versa. Prior research has indicated that MJO events occur more frequently, and are
enhanced during negative IOD events (Ling et al., 2013; Shinoda and Han, 2005; Izumo
et al., 2010) and after La Nifia evens (Pohl and Matthews, 2007). Complementary to
these studies, the present study proposes that background SSTs with a positive zonal SST
gradient toward the WP from the 1O play a fundamental role in developing the MJO by
inducing low-level equatorial westerlies, as shown by the one-layer model of Lindzen and
Nigam (1987). Observational evidence that MJO activity peaks with the season and lo-
cation of mean low-level westerlies (Zhang and Dong, 2004), and model dependency on
simulating mean westerly winds correctly for simulating MJO (Inness et al., 2003) also
corroborate with the results presented here.

It should also be noted that the overall positive LF-SSTA across the IO to the WP associ-
ated with the MJO contributes to a potential for the necessary large-scale buildup of MSE
to maintain active convection on an intraseasonal timescale. The positive zonal SST gra-
dient toward the WP also contributes to MJO propagation in that it enables greater MSE
buildup on the eastern regions. Such an effect was recognized from the subsequent analy-
sis on how MJO propagation speed is affected by the background SST. This was done by
constructing a tracking method of MJO propagation and comparing the background states
that MJO occurred in by their propagation speed. Analysis on the fastest and the slowest
10 MJO events revealed differences in the moist processes that occurred during each of
the MJO group. MSE budget analysis showed that long-lasting deep convection develops
across IO region to the WP region for the slow MJO with preceding build-up of MSE
from horizontal advection, and positive feedback to convection from latent and radiative
heating terms. On the other hand, for the fast MJO, deep convection developed only for

about 10 days and buildup of MSE build-up before convection and positive feedback to
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convection occurred only over the IO region. These results indicated that in slow MJO
development of convective activity continued until the MJO passed the MC, while the fast
counterpart appeared to merely consume accumulated MSE as it propagated eastward.

The differences in the accompanied moist processes in slow and fast MJO were asso-
ciated with different oceanic states that they occur in; the slower events were associated
with the condition of LF-SST distribution with a positive zonal gradient from the IO to
WP. LF-SST associated with fast MJO was much the same across IO to WP. Significant
differences in the SST pattern were not recognized in the intraseasonal timescale of 20-60
days. Furthermore, an extension of the analysis of propagation speed to rest of the events
revealed that the relationship between zonal SST gradient and propagation speed is not
a trend restricted to the fastest and the slowest groups but is an overall relationship that
is displayed by all of the events. Taking note that the presence of zonal SST gradient in
low-frequency range has the potential to enhance large-scale zonal circulation, the com-
ponent of the zonal wind associated with the background circulation was also analyzed.
The analysis showed that there is a tendency for MJO to propagate slower when the back-
ground large-scale zonal circulation was stronger, implying that slower MJO is involved
with enhancement of large-scale zonal circulation.

These results presented new perspectives on the MJO propagation since they challenge
the eastward propagation mechanism of the moisture mode theory (Sobel and Maloney,
2012, 2013). While moisture advection appeared to be important for MJO development,
MIJO propagation itself should not be explained by advection of moisture if propaga-
tion speed was negatively correlated with background low-level westerlies. Moreover,
contrasting characteristics of the slow and fast MJO, taken together with the continuous

spectrum of MJO events in propagation speed casts doubt on the belief that MJO should
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be explained as a distinct mode of the atmosphere with single propagation mechanism.
Following the analysis on real-world MJO, the reproducibility of such relationship of
MIJO properties with the background fields in the model simulation was investigated using
climate simulation data from NICAM-AMIP run. It was found that although the simu-
lated MJO events tended to be slower than reality and are biased in the season of their
occurrence to late winter, the tendency of MJO to be slower under a condition with higher
SST in the WP than the 10 was also reproduced in NICAM-AMIP simulation. The causes
for the systematic slow bias and decrease in the number of boreal summer MJO were re-
lated to the difference in monsoonal circulation in the NICAM-AMIP run. Although it
appeared that the strength of the background circulation related to MJO propagation speed
was being modulated by different reasons than in reality, MJO in NICAM-AMIP simula-
tion still showed a relationship with the background environment that was in agreement
with the relationship observed with the real world MJO. Sensitivity studies on MJO de-
velopment and propagation that test these relationships are part of the future work that is

expected to provide further insight into the nature of the MJO.

6.2 General conclusions

In conclusion, this study identified characteristics of the MJO that distinguishes them
from other tentative convective activities in the differences in the MSE build-up processes.
Such differences were related to the low-frequency SST pattern, in which MJO was as-
sociated with SST with a positive zonal gradient from IO to the WP. Investigation of
how such SST pattern affects the MJO properties showed that MJO propagation speed
becomes slower as the zonal SST gradient increases, and large-scale zonal circulation is

enhanced in both observation and in NICAM-AMIP simulation. The results of this study
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indicated the importance of the influence of the low-frequency SST on the MJO and im-
plied that MJO exists as part of the large-scale circulation driven by the low-frequency

SST pattern.
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