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Abstract

Coupling processes between moist cumulus convection and large-scale atmospheric environments
are essential to determine large-scale global circulations. However, our understanding is still limited,
and climate model simulations do not capture this coupling processes. In this study, we quantitatively
investigate the coupling processes based on the convectively coupled equatorial waves (CCEWSs),
which are major coupled disturbances in the tropics. Previous studies theoretically suggested coupling
mechanisms, and they are recently categorized into two groups; the gravity wave mode which focuses
on a connection between the gravity wave structure and convective activity and the moisture mode
which constructs disturbances of the column water vapor (CWYV) including feedback with
precipitation. However, it has not been clarified yet how the coupling mechanisms work on the actual
processes of the CCEWs. In this study, we investigate the details of convective couplings of equatorial
Rossby and Kelvin waves which are considered to have contrasting nature in terms of the coupling
processes. Furthermore, we aim to quantitatively investigate how convective activity drives and/or
maintains wave disturbances. An accumulation of satellite observations newly enables us to directly
quantify 3-dimensional precipitation characteristics, convective heating, and radiative heating. The
eddy energy budget analysis can be improved by more realistic estimation of heating profiles. We also
aim to make a suggestion on the commonality of the equivalent depths among various CCEW modes
based on statistical analyses.

The theoretical backgrounds and observational contributions from previous studies are
summarized in the introduction, Chapter 1. The datasets which are utilized in this study are described

in Chapter 2. The analyses methods of wave phase determination, definition of rainfall events, and



composite analyses are also described.

We utilize the products of the Tropical Rainfall Measuring Mission (TRMM) precipitation radar
(PR) observation. The TRMM observation produces 3-dimensional distribution of precipitation, which
directly captures detailed characteristics of rainfall event. Convective heating profiles are retrieved
based on the 3-dimensional precipitation data. Furthermore, this provides long-term and consistent
observation for 14 years, and thus this dataset is advantageous on statistical analyses. We further
utilize CloudSat and CALIPSO satellite data, which provide properties of cloud and radiation. The
statistical analyses enable us to estimate combining convective heating from TRMM to radiative
heating from CloudSat/CALIPSO.

In Chapter 3, the dynamical and thermodynamical structures of convectively coupled Rossby and
Kelvin waves are investigated. The purpose of this Chapter is to quantitatively discuss the existence of
theoretically suggested coupling mechanisms in the observed coupled waves. The gravity wave mode
can be tested through the phase relationships between vertical motion and temperature, and the
moisture mode is discussed based on amplitudes of CWV and their phase relationships to
precipitation. Furthermore, convective heating profiles estimated from TRMM are used in order to
reliably quantify the eddy energy budget. The satellite-derived heating profiles have not been applied
yet to the eddy energy budget analysis.

First, we clarified that the Rossby waves can be assigned to the moisture mode and Kelvin waves
correspond to the gravity wave mode. The phase relationship between anomalous vertical motion and
temperature is in phase for the Rossby waves and is nearly in quadrature for the Kelvin waves. This
strongly suggests the Kelvin waves as the gravity wave mode. Furthermore, it is quantified that the
amplitude of CWV is larger in the Rossby wave composite by one-order than in the Kelvin wave
composite. Especially, the negative CWV anomaly is nearly zero in the Kelvin waves. The Rossby
waves can be amplified and maintained through a feedback process from precipitation anomaly which

is in phase with the CWV anomaly. The Rossby waves can be assigned into the moisture mode group



in terms of the characteristics of CWV fluctuation. Second, we further quantify the eddy energy
budget and found that both waves are driven by top-heavy convective heating, even though they can
be assigned to different coupling modes. We also detected that the vertical distributions of the eddy
available potential energy (EAPE) generation terms and conversion terms from EAPE to eddy kinetic
energy are similar. This may approach the similarity of their equivalent depths.

In Chapter 4, the detailed evolutions of rainfall events utilizing TRMM PR dataset are
investigated. The 3-dimensional precipitation radar observation quantitatively clarifies the detailed
precipitation characteristics coupled with the Rossby waves or the Kelvin waves, which cannot be
directly investigated with objective analyses. We define rainfall events and their 3 indices to express
precipitation characteristics utilizing 3-dimensional TRMM PR observation and classify the rainfall
events into 5 types: mesoscale convective system (MCS), deep convection, congestus convection,
shallow convection, and others. The type of others can be interpreted as stratiform anvil rain in a
decaying MCS. We clarify the detailed evolutions of convective activity, which have not been shown
in previous studies.

For the Rossby wave composite, the MCS and deep convective events are simultaneously
activated, while in the later period of convectively suppressed phase, the shallow and congestus
convective events frequently occur. On the other hand, for the Kelvin wave composite, a distinct 5-
type evolution from the shallow convective events to the decaying MCS is revealed. We also found
that the MCSs dominate in precipitation amount for both waves, and thus the top-heavy heating, which
corresponds to the vertical profiles of EAPE shown in Chapter 3, can be induced by these MCS
events.

In Chapter 5, the cloud and radiative heating properties are investigated based on CloudSat and
CALIPSO observations. These satellites products provide new observational profiles of radiative
heating, while radiation and its contribution on diabatic heating has been hardly estimated before. The

long-term statistics along the wave phase in this study provides consistent results between



precipitation and cloud characteristics. The estimations of diabatic heating associated with the Rossby
and the Kelvin waves are achieved for the first time, by combining the convective heating from
TRMM and radiative heating from CloudSat and CALIPSO.

We quantified the net effect of radiative heating, which is positive in EAPE generation for both
waves. The EAPE generation increases by considering the radiative heating by 30% for the Rossby
waves, and by 42% for the Kelvin waves. The upper anvil cloud and the middle-level stratiform cloud
deck are almost in phase in the Rossby wave composite. On the other hand, the upper anvil cloud
precedes the stratiform cloud deck in the Kelvin wave composite. We found that this difference
modulates the role of radiative heating, especially for the longwave radiation. In the Rossby wave
composite, shortwave radiation can amplify the EAPE generation, although longwave radiation
reduces the EAPE generation. On the other hand, in the Kelvin wave composite, both shortwave and
longwave radiation play a role to amplify the EAPE generation.

A general conclusion is presented in Chapter 6. Similarities between the Rossby waves and the
Kelvin waves are found as large contributions by MCSs for precipitation amount and a dominance of
top-heavy heating on the EAPE generation, and the radiative heating can enhance this EAPE
generation in both waves, whereas the coupling processes and the evolutions of precipitation
characteristics are different. This similarity may approach the similar values of the equivalent depths
among the convectively coupled equatorial wave modes. The slight upward shift of the peak of heating
profile due to radiation seen in the Kelvin waves may correspond to a slight difference in the
equivalent depth indicated in the zonal-time spectrum. The vertical profiles of diabatic heating may
approach the definition process of the equivalent depths.

Analyses in this study are expected to be applied to other equatorial wave modes and the MJO in
order to reveal and compare details of various coupling disturbances, and a theoretical approach is
required as a future work to shed light on determination processes of equivalent depths of CCEWs

based on the diabatic heating.
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Chapter 1.

General Introduction

1.1. Motivations on studying convectively coupled disturbances in the tropics

Atmospheric disturbances coupled with moist convection have been observed in the tropics in
various spatiotemporal scales: inertia gravity waves in a few days, synoptic wave disturbances in
several days or a few weeks, and intraseasonal oscillations. On the other hand, cumulus convection in
the tropics also plays an essential role in global circulations of moisture and energy. Interactions with
cumulus convection, which typically indicate a lifetime of a few or several hours, are essential for
these coupled synoptic disturbances. Wave disturbances modulate environmental conditions for
cumulus convection and an ensemble of cumulus convection supplies diabatic heating as an energy
source of disturbances. Despite of this basic idea, various mechanisms have been suggested, but not
have led to a consensus yet, and numerous numbers of global climate models have still been struggling
to reproduce realistic behaviors of convectively coupled disturbances. On the other hand, notable
selectivity of phase speeds and spatiotemporal scales of these convectively coupled disturbances has
also been observed. Each kind of coupled disturbances has its own specific scale. However, at this
point, a theoretical foundation to explain this selectivity is not satisfactory.

Here, we aim to clarify detailed profiles of coupled disturbances to improve our knowledge about
the coupling mechanisms. An accumulation of satellite observations has an ability to bring about new
findings on evolutions of convective activity and associated diabatic heating, while it is difficult for
numerical models to explicitly or sufficiently represent those phenomena. In this Chapter, findings and

suggestions from previous studies are summarized in the followings, and our goals are presented.



1.2. Equatorial Waves and its convective coupling

A complete set of wave solutions in tropical region were theoretically derived by Matsuno (1966)
for the hydrostatic equation with equatorial f-plane. Their dispersion curves correspond to inertia
gravity wave, Rossby wave, Kelvin wave, and mixed Rossby-gravity wave. On the other hand, some
observational studies found wave disturbances in the upper troposphere and the lower stratosphere.
Yanai and Maruyama (1966) detected the westward-propagating disturbances whose period is about 5
days and phase speed is 23 m/s in the lower equatorial stratosphere. Wallace and Kousky (1968) also
found an eastward-propagating disturbance whose period is about 15 days and phase speed is around
10 m/s in the lower equatorial stratosphere. These findings are observational evidence for the mixed
Rossby-gravity waves and the Kelvin waves, respectively. These multiple wave modes are called as
the equatorial waves. Their phase speeds are related to the equivalent depth which is a constant
determined from the vertical structure of atmospheric stratification. It is an important parameter to
understand the wave characteristics.

As for the tropospheric waves, Liebmann and Hendon (1990) showed the existence of a
disturbance near the international date line with a period of 4-5 days had a mixed Rossby-gravity
wave structure. Takayabu and Nitta (1993) showed their differences from the easterly waves, which
had been intensively studied in the tropical meteorology field, by Yanai and Murakami (1970) and
Reed et al. (1977), for example. Takayabu (1994), using the infrared brightness temperature data,
found that the spatiotemporal spectrum of cloud activity shows a dispersion pattern that corresponds to
equatorial wave modes, with a significantly slower phase speed compared to that of free waves
calculated from the tropospheric stratification. Wheeler and Kiladis (1999) also confirmed this feature
by applying a red-noise filter to the power spectral analysis on outgoing longwave radiation (OLR).
The above studies indicated a common equivalent depth among various equatorial wave modes which

are relatively shallow compared to what is expected from dry theory (cf. Salby and Garcia 1987).



These waves are known as convectively coupled equatorial waves (CCEWs) and their comprehensive

review is provided by Kiladis et al. (2009).

1.3. Moist convection in the tropics

Moist convection in the tropics plays an important role on global circulations of moisture and
energy. Since this subgrid-scale phenomenon could not be treated explicitly in conventional numerical
models, convective parameterizations have been developed (e.g., Arakawa and Schubert 1974; Betts
and Miller 1986). However, climate model simulations have been struggling with uncertainties of
precipitation and cloud processes (e.g., Stevens and Bony 2013). To improve our understanding on
relationships between convective activity and circulations, and to contribute to improvements of
convective parameterization, massive field observational campaigns have been held: the Global
Atmospheric Research Program's (GARP) Atlantic Tropical Experiment (GATE) in the summer 1974,
and the Tropical Ocean—Global Atmosphere Coupled Ocean Atmosphere Response Experiment
(TOGA COARE) from November 1992 to February 1993, for example.

Among them, a tri-modal nature of cumulus development was detected in the TOGA COARE
observation, consisting of shallow convection, congestus convection, and deep convection (Johnson et
al. 1999). Each type of convection corresponds to stable layers in the typical tropical atmosphere; the
trade inversion, the melting layer, and the tropopause, respectively. Moreover, the deep convection is
often organized with stratiform precipitation, which is characterized by a bright band signal of radar
observation. This organized convection with stratiform precipitation is referred as a mesoscale
convective system (MCS).

Previous studies showed an importance of column or free tropospheric water vapor. In tropical
oceanic regions, precipitation amounts exponentially increase with the column water vapor (CWV)

amount (Bretherton et al. 2004; Peters and Neelin 2006). Brown and Zhang (1997) and Yoneyama and



Fujitani (1995) found the reduction of deeply developed convection when the free troposphere is dry
using TOGA COARE sounding. Numaguti et al. (1995) also showed the similar reduction of deep
convection with a dry air intrusion, and further discussed moisture modifications from wave
disturbances. More recently, Takayabu et al. (2010) showed that shallow and congestus convection are
sensitive to sea surface temperature (SST), while deep convection is clearly suppressed when the free
troposphere is subsiding and dry, even over high SST, utilizing space-borne radar observation.

An importance of a deep development of a convective tower has been focused on, as a subsequent
issue to CWV. Kumar et al. (2013) showed that the large-scale dynamics prepared middle-level
moisture and helped deeper development of shallow convection. Holloway and Neelin (2009), Hirota
et al. (2011) and Schiro and Neelin (2019) investigated the entrainment effect on a convective parcel
and speculated that dry free troposphere can disrupt its buoyancy. According to these perspectives, the
CWYV may be important for maintaining the buoyancy of a convective plume through its entrainment
processes. On the other hand, Ahmed and Schumacher (2015) indicated that the rapid increase of
precipitation to CWV is achieved mainly by a large extension of stratiform precipitation belonging to
MCSs. The squall line system, which is a kind of MCS, was investigated by Zipser (1977) using
aircraft observation, and by Houze (1977) based on the GATE radar observation. As Bryan and Fritsch
(2000) extended the static stability with the moist absolute instability, the MCS is characterized by a
mesoscale layer lifting circulation (Rutledge 1991; Moncrieff 1992; Mechem et al. 2002). These
studies showed that the importance of free tropospheric humidity on deep development of convection,
or organized MCS in different ways.

The tendencies of the column saturation fraction and precipitation over the tropical ocean showed
cyclical coevolution around an attractor across a wide spatiotemporal scale (Wolding et al. 2020a). The
detrainment processes or moisture transport by shallow or congestus convection can form positive

feedback called as moisture-convection feedback (Grabowski and Moncrieff 2004). Interactions



between convective activity and synoptic scale moisture field is an essential issue in the tropical
meteorology.

A methodology to diagnose bulk properties of convection in a synoptic condition was also
developed. Yanai et al. (1973) defined the apparent heat source 4 as latent heating with radiative
heating plus eddy convergence of dry static energy s, and the apparent moisture sink Q, as

condensation plus eddy divergence of moisture:

ST 2 +L(c—e) ) v (1.1)
Ql_at sV o = Qg c—e apsw, .
= L(aq+v +ac_’(‘_))—L( R Ry (12)
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The overbars denote the large-scale horizontal means, which is expected to be an order of 100 km, and
primes denote convective scale eddies. The ¢ and e are condensation and evaporation, respectively.
The L is latent heat of evaporation. Different types of convection, such as tri-modal nature and
stratiform precipitation, show different vertical profiles of diabatic heating. The shallow and congestus
convection indicate positive heating below Skm height. The deep convection indicates positive heating
in almost all troposphere with its peak around 5-6 km height. This heating profile is referred to as
“bottom-heavy heating”. On the other hand, the stratiform precipitation indicate positive heating in
upper troposphere and negative heating in lower troposphere due to evaporation of rain droplets. The
heating profile of MCSs is represented by combining that of deep convection and stratiform
precipitation. When the ratio of stratiform precipitation in a MCS increases, the peak of positive
heating shifts upward and typically locates around 8 km height (Houze 1989). This heating profile of
MCSs is referred to as “top-heavy heating”. These heating profiles are schematically depicted in
preceding studies (cf. Schumacher et al. 2004; Khouider and Majda 2006). In these schematics, the
deep convection is assigned to the first baroclinic mode, and the congestus convection and stratiform
precipitation is assigned to the second baroclinic mode with opposite signs.

Recently, space-borne precipitation radar observations opened up the possibilities to reveal the
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nature of convective activity globally and statistically. Takayabu (2002) summarized vertical
distributions of precipitation using Tropical Rainfall Measuring Mission (TRMM) precipitation radar
(PR) observation. A series of study by Shige et al. (2004, 2007, 2008, 2009) developed the algorithm
for estimation of vertical distributions of Q;, @, and latent heating based on TRMM observation.
Takayabu et al. (2010) revealed the relationship among convective activity, its heating profiles, and

environmental conditions in different types of convection.

1.4. Convective coupling of tropical disturbances

Convectively coupled equatorial waves (CCEWSs), TD-type disturbances (cf. Takayabu and Nitta
1993; Lau and Lau 1990), and the Madden-Julian Oscillation (MJO; Madden and Julian 1971) are the
major moist disturbances in the tropics. Not only their dynamical circulations but also characteristics
of coupled convection are important. Utilizing TOGA-COARE field campaign observations, and
infrared observations from the geostationary satellite, Takayabu et al. (1996) showed a lifecycle
convection associated with the quasi 2-day wave, which corresponds to convectively coupled inertia
gravity waves. The convection showed an evolution as shallow, congestus convection, deep convective
towers, mature stratiform precipitation, and a decaying phase. Convectively coupled Kelvin wave
shows a similar schematic lifecycle (Straub and Kiladis 2003a). Kikuchi and Takayabu (2004) further
found a similar evolution of cumulus convection in the MJO, observed from the geostationary satellite
as well as radio sonde observations from the TOGA-COARE field campaign. Mapes et al. (2006)
featured the similarities of lifecycles of these evolutions among various temporal and spatial scales
ranging from individual MCSs to the MJO and called it as a “self-similarity”.

As the satellite observation data is accumulated, statistical analyses became more effective to
capture characteristics of convective activity. Lubis and Jacobi (2015) quantified contribution to the

climatology of precipitation amount which is attributed to CCEWs. Yasunaga and Mapes (2012a,b)



performed cross spectrum analyses between CW'V and precipitation amount and speculated that
divergent waves tend to couple with MCS, and rotational waves tend to couple with isolated
convection. Furthermore, Wolding et al. (2020b) have shown proportions of precipitation diagnosed
from the column saturation fraction based on Bretherton et al. (2004). Rossby waves and MJO
indicated large fraction of 80% and almost 100% of successful diagnosis from the column saturation
fraction, respectively. On the other hand, Kelvin waves showed only 50%. Furthermore, Roundy and
Frank (2004) indicated an absence of a spectrum peak of CWV corresponding to Kelvin waves,
despite existence of spectrum peaks of OLR. These studies suggested that connections between CWV
and precipitation are different among equatorial wave modes and MJO. Rossby waves and MJO more
tightly connect to CWV than Kelvin waves. This connection is important in the context of the coupling

mechanisms.

1.5. Suggested coupling mechanisms

Idealized simple models suggested various coupling mechanisms. Recently, convectively coupled
disturbances were divided into two groups based on the ratio of adjustment timescales between moist
convection and temperature perturbation: gravity wave mode and moisture mode (e.g., Adames et al.
2019; Adames and Maloney 2021). Adames et al. (2019) suggested that Kelvin waves and inertia
gravity waves are assigned to the gravity wave mode, and Rossby waves and MJO are assigned to the
moisture mode.

The gravity wave mode is originally constructed upon the instability of the second kind connected
to convection, which is called as wave-CISK (cf. Yamasaki 1969; Hayashi 1970; Lindzen 1974). This
instability assumes a high correlation between lower horizontal convergence and diabatic heating due
to convective activity. Under this assumption, the gravity waves with the first baroclinic mode and

Kelvin waves with vertically tilted structure can be amplified by synchronized upper warm anomaly



and diabatic heating. Although this assumed correlation is generally seen in the tropics, the wave-
CISK is not valid for explaining its time and spatial scales. For example, Matthews and Lander (1999)
showed that the smallest scale disturbances in a numerical grid are most unstable with the wave-CISK.
On the other hand, a simple model using convective parameterization controlled by convective
inhibition yielded larger spatiotemporal scale disturbances known as a stratiform instability (Mapes
2000). The first and second baroclinic modes are associated with convective and stratiform modes,
respectively. These two vertical normal modes allow a simple model to represent organized convective
systems, which is ubiquitously observed in the tropics (Johnson et al. 1999; Houze 1989).
Furthermore, combining these modes with mid-level moisture (Kuang 2008) yielded a tri-modal
convective evolution as follows: shallow convection, deep convection, and organized systems with
stratiform rain. This is referred to as a moisture-stratiform instability. Previous numerical model
research also clearly showed an unstable mode with a front-to-rear vertical tilt, corresponding to the
gravity wave mode. This tilted unstable mode produced a stage of pre-conditioning by shallow
convection, a mature stage with deep convection, and a later stage with stratiform rain (Khouider and
Majda 2006, 2007, 2008) and the amplification by top-heavy diabatic heating with upper warm
anomaly of vertically tilted structure (Tulich et al. 2007).

In contrast with the gravity wave mode, which is primarily dynamically driven, Neelin and Yu
(1994) derived another unstable mode based on the moist convective adjustment and a scaling by a
typical lifetime of convection. Sobel et al. (2001) derived a moisture wave that balances with the
background moisture gradient under a weak temperature gradient condition. This unstable mode is
now referred to as a moisture mode. The theoretical framework of this mode was constructed by many
previous studies (Fuchs and Raymond 2002, 2005, 2007; Sugiyama 2009a,b; Sobel and Maloney
2012; Raymond et al. 2015), and has been applied in the context of the MJO (Sobel and Maloney

2013; Adames and Kim 2016) and convectively coupled equatorial Rossby waves recently (Fuchs-



Stone et al. 2019). Actually in the tropics, precipitation amounts exponentially increase as the column
saturation fraction increases (Bretherton et al. 2004; Peters and Neelin 2006). Thus, this moisture
mode introduces an aspect of connection between the synoptic moisture field modification and the
convective activity.

Raymond and Fuchs (2007) constructed a simple idealized model employing a convective
parametrization, which has a part connected to the convective inhibition or buoyancy and another part
connected to the CWV. This model realized contrasting two unstable modes. The first one has a
vertically tilted structure, and its precipitation corresponds to the buoyancy part of convective
parameterization. The second one has a vertically erect structure with slow propagation, and its
precipitation depends on the CWYV part of convective parameterization. It is an important suggestion
that whether the vertical structure is tilted or erect can correspond to which part of convective
parameterization is associated with. Furthermore, both contrasted unstable modes are activated in one
simple model. This finding may approach a coupling mechanism of various convectively coupled
disturbances.

However, global climate numerical models struggle to reproduce realistic CCEWs and MJO. Lin et
al. (2006) investigated detailed reproducibility of CCEWs and their variance among a large number of
climate model simulations used for Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). Each climate model produces some time-space spectrum signals of
CCEWs but often with faster phase speeds, or deeper equivalent depths. In a certain model, the
reproducibility severely varies depending on equatorial wave modes. Furthermore, focusing on a
certain wave mode, the reproducibility also severely varies among climate models. These huge
variances can be resulted from the fact that different models employ different convective
parameterizations. Lin et al. (2008) further investigated impacts of convective parameterization

scheme on reproducibility of CCEWs. Suzuki et al. (2006) showed that CCEWs, except for Rossby



waves, vanish when convective parameterization is modulated to eliminate sensitivity to middle-level
moisture. These studies suggested that CCEWSs’ reproducibility highly depends on convective

parameterizations and can be tested for the model performances.

1.6. The objectives of this study

The first objective of this study is to quantitatively investigate the coupling mechanisms of the
actual waves. Observational and statistical studies showed CCEWSs’ structures (section 1.2) and
coupled convective activity (section 1.3), and studies using idealized simple models suggested
coupling mechanisms (section 1.4). We need to rethink validity of suggested coupling mechanisms and
their works on processes of the CCEWs in the real world. Here, a comparative study is useful because
of the contrasting nature between convective couplings of equatorial Rossby and Kelvin waves. In
Chapter 3, we quantitatively investigate how the contrast of structures of Rossby and Kelvin waves
correlate with the moisture mode and the gravity wave mode. Furthermore, we aim to quantitatively
investigate and discuss how these coupling mechanisms are achieved through the eddy energy budget,
utilizing convective heating estimations from TRMM observational products. Applying the satellite-
derived convective heating to the eddy energy budget is a new attempt.

Secondary, we aim to clarify detailed precipitation characteristics, and cloud and radiative
properties associated with CCEWs, utilizing multiple satellite observations, and to quantify the
radiative heating in order to estimate total diabatic heating. In general, convective activity and cloud
properties are difficult to estimate in numerical models and reanalysis data because we should be
careful about their resolutions and biases. Observational data products by space-borne radar and lidar
enable us to deal with precipitation and cloud characteristics. However, gridded products called Level
3 data, which are mainly used by previous studies referred in section 1.3, are not favorable for detailed

studies precipitation characteristics, without of 3-dimensional radar signals obtained in Level 2 or
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orbital data. We perform long-term and quantitative statistics with the TRMM PR orbital (Level 2)
products to directly reveal detailed precipitation characteristics in Chapter 4, and with CloudSat and
CALIPSO orbital products to investigate cloud properties and its radiative effect associated with
Rossby and Kelvin waves in Chapter 5. These approaches are expected to more directly capture
detailed precipitation characteristics and cloud properties. Furthermore, we aim to estimate the
apparent heat source @ associated with the CCEWs with combining use of convective heating and
radiative heating.

At last, the commonality of equivalent depths among CCEWs is a significant unresolved issue.
Recently, idealized models produced disturbances corresponding to some modes of CCEWs with
realistic phase speeds, or equivalent depths (e.g., Khouider and Majda 2008). However, a problem on
parameter tuning still remains, and theoretical background has not been constructed yet. We aim to
seek a determination factor of the equivalent depth based on statistical analyses of convectively
coupled disturbances and detailed precipitation and cloud properties. The commonality will be

discussed at the point of observed phenomena.
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Chapter 2.
Data and Methodology

2.1. Data description

Datasets are used in the period from December 2001 to November 2014 for reanalysis dataset
ERAS, TRMM PR and SLH, SSM/I, and OISST, and from June 2006 to August 2010 for CloudSat

and CALIPSO.

2.1.1. merged IR dataset

We used a long-term consistent brightness temperature (T} ) data, which is Cloud Archive User
Service (CLAUS) dataset (Hodges et al. 2000) along with a globally merged infrared radiation dataset
provided by NOAA/NCEP (Janowiak et al. 2001). The source of CLAUS dataset is thermal infra-red
radiances from International Satellite Cloud Climatology Project (ISCCP). The detailed merging
procedure and its validity are described in Dias et al. (2017). The horizontal grid resolution is 0.5° and

the temporal resolution is 3 hours.

2.1.2. ERAS, reanalysis dataset

We utilize ERAS, reanalysis dataset, which produced by European Centre for Medium-Range
Weather Forecasts (ECMWF) (Hersbach et al. 2020). Variables used in this study are as follows: 3-
dimensional wind, temperature, specific humidity, geopotential, and model calculations of fluxes of
surface sensible and latent heat, and radiation at the top of atmosphere and at the surface. The ERAS
dataset, which has originally 0.25° horizontal grid and 1-hourly temporal resolution, is converted to

0.5° horizontal grid and employed with 3-hourly temporal resolution to match with that of T, data.
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2.1.3. TRMM PR and rainfall event dataset

The Tropical Rainfall Measuring Mission (TRMM) is a satellite which observed tropical
precipitation. It is launched on November 1997 and re-entered Earth’s atmosphere on June 2015.
During its operation, TRMM experienced its altitude change on August 2001, and there is a gap of
data quality after this change (cf. Short and Nakamura 2010). We utilize the data after this altitude
change. TRMM employed the Low Earth orbit with its observation range from 35°S to 35°N, and thus
the satellite passed a certain location at different local time.

The precipitation radar (PR) on TRMM have its frequency of Ku-band (13.796 and 13.802 GHz),
which is favor of tropical rainfall. The swath width of TRMM PR is 220 km. Its horizontal resolution
around the surface is about 5 km, and its vertical resolution is 250 m. The minimum threshold of
TRMM PR reflectivity for detection of echo top in each observational ray is 17 dBZ, which
corresponds to about 0.5 mm/hr of near the surface precipitation.

The 2A23 produces the rain type flags using PR observation. The rain flag, which partitions radar
observation into convective rain, stratiform rain, and others (Awaka et al. 1997, 2007), is defined on
each observational ray. This partitioning is based on vertical profile and horizontal distribution of radar
reflectivity. For example, a bright band pattern corresponds to stratiform precipitation (Awaka et al.
2009). The shallow rain is also detected as warm rain under the level of 0°C temperature. The storm
top is defined as the highest level where radar beam detects precipitative droplet.

The 2A25 product provides vertical profiles of radar reflectivity with correction of rain attenuation
and retrieves precipitation amount based on the Z-R relationships (Iguchi and Meneghini 1994; Iguchi
et al. 2000). The vertical distribution and near surface precipitation amount are estimated.

The products of version 7 are used. This is the latest version developed for TRMM observation.

We should note that recent versions are developed for Global Precipitation Measurement (GPM) and
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applied to TRMM consistently. We define rainfall event dataset on the orbital observation by TRMM
three-dimensional PR using estimated precipitation amount in 2A25 and the rain flag classification in

2A23. The detailed procedure is described in later section.

2.1.4. TRMM spectral latent heating (SLH)

The 2H25 product estimates latent heating, convective heating Q; — Qg and apparent moisture
sink @, of Yanai et al. (1973). This product is called spectral latent heating (SLH; Shige et al. 2004,
2007, 2008, 2009; Takayabu and Tao 2020). This product is based on the spectral representation of
vertical distributions of precipitation which is classified by its top height in an observational ray and
its rain flag defined in 2A23 product (cf. Takayabu 2002), and the heating profiles are calculated with
the two-dimensional Goddard Cumulus Ensemble model (Tao and Simpson 1993; Tao 2003; Tao et al.
2003). The vertical resolution is 1 km interval except for the lowest layer with 500 m interval. The

version 7 product is also used.

2.1.5. SSM/I dataset

The Special Sensor Microwave Imager (SSM/]) is a satellite of passive microwave imager. The
dataset (Meissner and Wentz 2012; Wentz 2013) provides ocean measurements including surface wind
speed, atmospheric column water vapor (CWV), Cloud Liquid Water, and Rain Rate. Here we utilized
CWYV and surface wind speed. This dataset provides gridded data with 0.25° horizontal resolution, and
we regrid it to 0.5° to match the grid interval of T}, in section 2.1.1. The temporal resolution is once a

day with time of data acquisition.

2.1.6. Optimum Interpolation Sea Surface Temperature

The Optimum Interpolation Sea Surface Temperature (OISST) dataset (Reynolds et al. 2007,
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Huang et al. 2021) is employed to analyze sea surface temperature (SST) when the Rossby and Kelvin
waves pass through. This provides daily mean SST with 0.25° grid interval, which is retrieved by
satellite data from the Advanced Very High Resolution Radiometer and Advanced Microwave

Scanning Radiometer. Its grid interval is converted into 0.5° to match with that of Tj,.

2.1.7. CloudSat and CALIPSO

The CloudSat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
are satellites which are designed to observe vertical profiles of clouds. They participated the satellite
constellation named A-train from April 2006 to February 2018, and they now compose C-train. These
two satellites employ the sun-synchronous orbit, and thus crosses the equator twice a day at around
1:30 pm (ascending orbit) and 1:30 am (descending orbit) of local time.

The CloudSat has cloud profiling radar (CPR) whose frequency is 94 GHz and horizontal
resolution is 1.4 km, and the CALIPSO has Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP). These CPR and CALIOP have curtain-shaped observational rays without its swing to
perpendicular direction of the orbit. Thus, their data products are 2-dimensional: traveling direction
and height. We use two data products, 2B-GEOPROF-LIDAR and 2B-FLXHR-LIDAR, which
combine CPR and CALIOP observations. The thin cloud is better detected with including CALIOP to
CPR observation.

The cloud fraction is defined as a ratio of hydrometeor content in an observational volume.
Marchand et al. (2008) designed the estimation algorithm of the cloud fraction and provided 2B-
GEOPROF product with vertical resolution of 480 m. The lidar observation from CALIOP (Mace et
al. 2009) is merged onto 2B-GEOPROF and produced the 2B-GEOPROF-LIDAR product (Mace and
Zhang 2014) with vertical resolution of 240 m. The cloud fraction in the 2B-GEOPROF-LIDAR

product is utilized in the present study.
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The 2B-FLXHR-LIDAR product (L’Ecuyer et al. 2008; Henderson et al. 2013) is used to estimate
radiative heating. The radiative flux in this product is calculated based on the rain and cloud droplet
properties obtained by products of CPR and CALIPSO observation, for example, 2B-CWC-RO and
2C-ICE, and MODIS observation as auxiliary data, with vertical distributions of temperature and
moisture provided by reanalysis dataset provided by ECMWF. The radiative heating rate is defined by
the convergence of this radiative flux. Its vertical resolution is 250 m interval. We should note that
shortwave radiation does not exist in descending orbits because of midnight observation.

The products of version R05 is used. Only orbits, where both 2B-GEOPROF-LIDAR and 2B-

FLXHR-LIDAR products are defined, are used in the present analyses.

2.2. Methodology
2.2.1. Wave phase determination

Spectrum analysis is performed on the symmetric part of T}, to detect Rossby and Kelvin waves
and define its wave phase. Detailed procedures are described below.

A meridional running mean with overlapping windows of its width of 3° is applied to T}, and then
it is separated into symmetric and anti-symmetric parts to the equator. The Fast Fourier Transformation
(FFT) is performed on 96-day segments of T}, and zonal-time spectrum of the symmetric part of T},
is calculated (cf. Hayashi 1971). The filtering bands of zonal wavenumber, period, and dispersion
curve to define signals of Rossby and Kelvin waves are shown in Table 2.1. We choose reference
latitudes as 10°N for Rossby waves and the equator for Kelvin waves to focus on latitudes where
variances of filtered T, are zonally and climatologically large. Figure 2.1 shows the variances of the
filtered T}, and Fig. 2.2 shows spectra of the symmetric T, at the reference latitude. The power
spectra are divided by their red-noise as in Wheeler and Kiladis (1999).

Next, we define the wave phase from —m to m based on the time-zonal filtered T) at the
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reference latitude globally and annually. The local minimum of the filtered T;, beyond —10¢ is
assigned to the most convectively active point, and on the other hand the local maximum point beyond
+10 is assigned to the most convectively inactive point. Here, the o denotes the standard deviation
of filtered T}. For Kelvin waves, the active point is set to phase —m/2 and the inactive point is set to
phase /2, but for Rossby waves the active point is set to phase m/2 and the inactive point is set to
phase —m/2. This means that the following figures retain the actual west-to-east direction. Therefore,
Rossby waves propagate leftward and Kelvin waves propagate rightward, so that phase 0 corresponds
to a phase with an increasing convective activity. We define the wave phase as the arcsine value of the
filtered T;, normalized by its nearest peak value. Figure 2.3 shows an example of filtered T}, and
locations of phase +m/2. In this definition, one wavelength corresponds to a length from —m to .
Zonal and monthly histograms of the number of convectively active points are shown in Fig. 2.4. The
Rossby wave occurrence is higher from December to May and lower from July to October (Fig. 2.4a).
Its zonal variability is relatively smaller than seasonal variability. The Kelvin wave occurrence is
remarkably higher in MAM and lower over the eastern Pacific Ocean and the Atlantic Ocean from
June to October (Fig. 2.4b). The activity of convectively coupled Kelvin waves is known as strongly
controlled by climatological variations of the sea surface temperature (Yang et al. 2003).

We also calculate the autocorrelation of the filtered 7). The time and distance at which
autocorrelation reaches zero are summarized in Table 2.1. This corresponds to 1/4 wavelength.

In general, the infrared T}, emphasizes upper tropospheric perturbations. Thus, results might be
different when another variable which emphasizes lower tropospheric perturbations is used for the
filtering. Since Yasunaga and Mapes (2012a) showed that precipitation and low-level horizontal
divergences are well coherent, it is inferred that the essential results will be retained when low-level
wind is used for wave filtering for example, while there may be a phase shift especially in the

definition of phases /2.
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2.2.2. Rainfall event dataset

We define a dataset of rainfall event, which is a contiguous area of pixels with surface precipitation
amounts greater than 0.5 mm/hr, using the TRMM PR Level 2 data products of 2A23, 2A25, and
2H25. The details of these products are described in the former sections. Each rainfall event contains
information of its location, date and time, sum of surface precipitation obtained from 2A25 product,
and vertical profiles of total convective heating and apparent moisture sink (Q; — Qr and @,, Yanai
et al. 1973) estimated in 2H25 product. The pixel which has the maximum surface precipitation
amount in a rainfall event represents the event’s date, time and location.

We define three indices to represent the precipitation characteristics of each rainfall event. The
first index is the number of rainfall pixels (5 km % 5 km) of TRMM PR and is expressed in a dB value.
This index represents the area of a rainfall event. A rainfall event with 20 dB pixel occupies 2,500 km?
area, approximately 50km x 50km, for example. A smaller-size event implies an isolated convection,
and a larger-size event implies a widely extension of stratiform cloud deck. The second index is the
maximum echo top height in a rainfall event, which is produced in the 2A25 data product. The
minimum threshold of TRMM PR reflectivity for detection of echo top in each observational ray is 17
dBZ. This index represents how tall the rain droplet reaches. When all values of echo top height in a
rainfall event are undefined in the original product, that event is excluded from statistics. The third
index is the stratiform precipitation ratio (SPR), or a ratio of stratiform precipitation amount to all
precipitation amount in a rainfall-event. We refer to the precipitation flag, which is distinguish
convective rain or stratiform rain and is defined on each pixel of radar observation in 2A23 data
product (Awaka et al. 1997). A rainfall event with a higher SPR than 40% tends to be an organized
convective system, whereas an event with a lower SPR tends to be more isolated-type convection.

We classified rainfall events into following 5 types to more directly capture evolutions of
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convective activity: MCS, deep convective event, congestus convective event, shallow convective
event, and others. The MCS is defined as a rainfall event which has larger size than 10,000 km?, taller
echo top than 8 km, and higher SPR than 40%. Convective events with lower SPRs than 40% are
divided into 3 types as follows. The deep convective event is defined as a rainfall event which has
taller maximum echo top than 8 km. The congestus convective event has 4-8 km of maximum echo
top, and the shallow convective event has lower maximum echo top than 4 km. These thresholds of
maximum echo tops refer to Johnson et al. (1999). They showed that the melting level at 4.5 km in the
tropics and the trade inversion layer at 2 km can be partitions of cumulus development. Since rain
droplets appear to be blown up higher than these layers in radar observation, we choose 8 km and 4
km levels as thresholds of the classification. Some rainfall events that do not fit into any of the former
4 types are designated into the type of others. The mean vertical profiles of convective heating, Q; —
Qr (cf. Yanai et al. 1973), of each type are shown in Fig. 2.5 to validate this classification. The top-
heavy heating profile with its peak around 7 km height is confirmed in the MCS type, as expected
from Houze (1982), for example. The convective events can be classified into three types with
different height of the peaks of the convective heating, such as 5, 3, and 1.5 km height, and these types
correspond to deep convection, congestus convection, and shallow convection, respectively. Takayabu
(2002) summarized the vertical distributions of precipitation at different echo tops, and Takayabu et al.
(2010) showed vertical profiles of convective heating of shallow or deep rain. This separated heating
profiles are consistent to these previous studies, and thus this classification of convective events can be
justified. The type of others indicates upper-level heating and almost zero heating below 5 km. This
heating profile implies that rainfall events that is composed of stratiform anvil rain due to decaying
MCS are assigned into the type of others. In Chapter 4, histograms with this classification are shown

in Fig. 4.6 and a further discussion is made.
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2.2.3. Composite analyses

We conduct composite analyses of synoptic scale disturbances using variables of ERAS,
precipitation characteristics using rainfall event dataset of TRMM PR, and cloud and radiative
properties using CloudSat and CALIPSO observations. The number of data points employed in
composite analyses are summarized in Fig. 2.6. Downwardly convex distributions from -7 to 0 and
from 0 to m are shown for almost all lines in Fig. 2.6. This is because the definition of wave phase
based on the arcsine value of filtered Tj, and linear binning of wave phase axes. Additionally, sharp
peaks at +m/2 in Fig. 2.6a, b are caused by explicit assigning local minimum and maximum to those
phases. The procedures of composite analyses are described below.

For all variables of ERAS, the time and zonal components of each data point are assigned to wave
phase relative to filtered T; space. Thus, for the composite field, the x-axis is the wave phase, and the
y-axis and z-axis are the latitude and pressure coordinates, respectively. To eliminate annual and
seasonal change, we use anomalous values from each year’s 3-month seasonal average: DJF, MAM,
JJA, and SON. Since the spatiotemporal resolution of ERAS5 is notably smaller than that of CCEWs,
we should restrict the degree of freedom for Student’s ¢-test. Here we conduct a non-zero Student’s ¢-
test on the anomalous composite whose degree of freedom is the number of composited points divided
by the grid number in autocorrelation spatial scale (Table 2.1). This composite of ERAS is mainly used
in Chapter 3.

Variables of SSM/I and SST obtained by OISST are composited in the same manner as ERAS
variables, except for the temporal resolution. The data point of SSM/I is assigned to 3-hourly wave
phase by referring to the time of data acquisition. On the other hand, daily mean SST of OISST is
assigned to wave phase at 00UTC of the day. We refer to these composites in Chapter 3 and 4.

Composites of values belonging to rainfall events are defined as summations over rainfall events,

which are allocated into 32 wave phase bins, from —m to m, and 2.5° latitude grid, divided by total
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numbers of pixels observed by TRMM PR, instead of total numbers of rainfall events. Since we
employ orbit data, TRMM level 2 products, which only produce inhomogeneous sampling, this
normalization is equivalent to unconditional mean. Another composite is zonal climatological mean,
which is calculated in the same manner but using all rainfall events regardless of the wave phase bins
with 2.5° latitude grid. Then we carry out independent two sample Student’s #-tests on the wave phase
composite and zonal climatological mean on each latitude. Here we consider rainfall events as
independent each other. Anomalous values of composite mean are defined as differences between
wave phase composite and zonal climatological mean. The composite of rainfall events is discussed
mainly in Chapter 4 and used in Chapter 3.

The cloud fraction and radiative heating from CloudSat and CALIPSO products are also
composited based on the wave phase with 32 bins and 2.5° latitude grid. Composite mean values are
calculated as means of observational rays whose time and position correspond to the wave phase bin.
The zonal-mean climatological composites are also made as means of all observations in 2.5° latitude
grid. The independent two sample Student’s ¢-tests are applied on the wave phase composite and
zonal-mean climatology on each latitude. Anomalous values are defined as differences of wave phase
composite from the climatology. Ascending and descending orbits are separately composited, and thus
composites in daytime and nighttime are obtained respectively. We should note that the degree of
freedom for two sample Student’s ¢-test is defined as the number of observational rays of
CloudSat/CALIPSO products divided by 40, which is the number of rays 1.4 km resolution in a 0.5°

grid. These composite analyses are used in Chapter 5.
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Fig. 2.1: Variances of filtered T}, with its filtering window shown in Table 2.1 for (a) Rossby waves, and

for (b) Kelvin waves.
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Fig. 2.2: Space-time spectra of symmetric T, divide by its background red noise (a) for westward
spectrum at 10°N and (b) for eastward spectrum at the equator. Black lines indicate dispersion
curves of Kelvin wave and Rossby waves with 10, 20, 50, and 100 m of equivalent depths, and of

inertia gravity wave with 10 and 20 m equivalent depths.
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Fig. 2.3: The Hovmoller diagrams of filtered T}, (K) for (a) Rossby waves at 10°N and (b) Kelvin waves at

the equator. Solid lines indicate wave phase m/2 and dashed lines indicate wave phase —m/2.
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Fig. 2.5: Mean vertical profiles of volumetric convective heating @Q; — Qp of rainfall events obtained from
TRMM 2H25 product. The red, blue, green, purple, and gray lines show that of MCS, deep
convection, congestus convection, shallow convection, and others, respectively. The mean values
are calculated between 20°S-20°N, and analysis period. The error bars indicate the 99%
confidence intervals. For the red and blue lines, refer to the upper and lower axes at the bottom,

respectively. For the green, purple, and gray lines, refer to the axis at the top.
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dashed lines in (e) indicate nighttime orbit.
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Table 2.1: Summary of information of wave filtering.

Wavenumber Period (day) Equivalent depth (m) Reference latitude
Rossby —5--2 12-48 10-100 10°N
Kelvin 4-8 4-6 10-100 EQ
Minimum T}, points Autocorrelation time scale Autocorrelation zonal spatial scale
31517 135 hour 25 degree
110315 30 hour 15 degree
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Chapter 3.
Coupling mechanisms with analyses of wave

structures and eddy energy budget

3.1. Introduction

Various coupling mechanisms between equatorial waves and convective activity have been
suggested as reviewed in section 1.5. Adames et al. (2019) and Adames and Maloney (2021)
summarized previous studies as contrasting groups: gravity wave mode group and moisture mode
group. Furthermore, previous investigations on coupled convective activity reviewed in section 1.4
and on wave structures reviewed in section 1.2 strongly suggested that coupling mechanisms are
different between Kelvin and Rossby waves.

Idealized numerical models suggested that these two unstable modes indicate different coupling
regimes. Sobel and Bretherton (2003) showed two distinct forced waves in a non-rotating
configuration. One was faster propagating that corresponds to the gravity wave, and the other was
slower propagating or almost stational mode that is closely tied to moisture. Raymond and Fuchs
(2007) constructed a convective parameterization which is sensitive to buoyancy and column
moisture, and two unstable modes also appeared. One had vertically tilted structure that is forced by
buoyancy-based precipitation, and the other had a vertically erect structure whose precipitation is
mainly controlled by column moisture.

In this Chapter, we quantitatively discuss the suggested coupling mechanisms and their works on
Rossby and Kelvin waves. The gravity wave mode is diagnosed based on the phase relationship

between anomalous vertical motion and temperature, and the moisture mode is diagnosed based on the
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amplitude and maintenance of CWV fluctuation. Furthermore, we aim to make new quantitative

description of eddy energy budget using the estimation of convective heating from TRMM product.

3.2. Data and Methodology

We conduct composite analyses of synoptic scale wave disturbances using the ERAS reanalysis
dataset (section 2.1.2, Hersbach et al. 2020), CWV fluctuations with SSM/I (section 2.1.5, Meissner
and Wentz 2012; Wentz 2013), and SST anomalies using OISST (section 2.1.6, Reynolds et al. 2007;
Huang et al. 2021). Detailed composite procedures are described in the previous section 2.2.3. For the
composite field, the x-axis is the wave phase, and the y-axis and the z-axis are the latitude and
pressure coordinates, respectively. In composite figures, one wavelength corresponds to wave phases
from —m to m. To investigate precipitation coupled with equatorial waves, we use the TRMM level 2
data products, 2A25 and 2H25 V7 (Iguchi et al. 2000; Shige et al. 2004, 2009; Takayabu and Tao
2020). We refer to sum of surface precipitation and total vertical apparent heat source and moisture
sink (Q; — Qr, @, Yanai et al. 1973) of the rainfall event dataset, which is defined in section 2.1.3
and 2.1.4. Composites of values belonging to rainfall events are also described in the previous section

2.2.3.

3.3. Results
3.3.1. Structures of circulation and precipitation distributions

In the composite horizontal structures (Fig. 3.1), it is confirmed that the horizontal wind anomaly
and T, anomaly have equatorially symmetric structures for both waves. Because of the definition of
the wave phase, the positive and negative maxima of T}, anomalies are either at +m/2 orat —m/2.
The positive vorticity centers of Rossby waves lead and lag the negative T, peak by about m/4 (Fig.

3.1a). Amplitudes of vortical circulations and T}, maximize almost in phase at 12-15 degrees and 10
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degrees, respectively. Some weak but robust T}, anomalies also spread over the equator. In free wave
solution (Matsuno 1966), Rossby waves indicate that horizontal convergence lag behind cyclonic
circulation by 1/4 wavelength around off-equatorial region. Therefore, an importance of frictional
convergence near the surface is suggested as discussed later. Kelvin waves (Fig. 3.1b), whose
reference latitude is set to the equator, do not have meridional wind anomalies except near the center
of horizontal convergence, which leads minimum T, by about 3m/8. Amplitudes of zonal winds and
T, are maximized on the equator. This symmetric pattern may be due to the global and annual
composite and the choice of its reference latitude, whereas previous studies suggest that, for Kelvin
waves, dynamical signals are more centered on the equator, while convection is located within the
ITCZ over the Pacific Ocean (Straub and Kiladis 2002; Takayabu and Murakami 1991; Takayabu et al.
1999). To investigate the relationship between convective activity and circulation, we choose
references on the latitudes that are most convectively active based on the following results in vertical
cross sections. These latitudes are 10°N for Rossby waves and the equator for Kelvin waves.

We next produce composite figures for precipitation and CWV based on satellite observations (Fig.
3.2). Anomalous values from the climatological unconditional mean indicate almost symmetric
distributions of precipitation and CWV. Precipitation distributions are close to horizontal convergence
predicted by free wave characteristics and qualitatively consistent with the propagation characteristics
shown in Lubis and Jacobi (2015). For Rossby waves, both positive and negative precipitation and
CWYV peaks clearly exist. The precipitation anomaly peak is at around m/4, and CWV anomaly peak
is behind /2. These two peaks lag about 1/8 wavelength. Their amplitudes in the Northern
Hemisphere are larger than in the Southern Hemisphere. In contrast, Kelvin waves show weak but
substantial positive CWV anomaly around —m/2, but do not have clear negative CWV anomalies,
with anomalous values close to zero or even slightly positive around n/2, despite of the existence of

negative precipitation anomalies. Weak but positive correlation between CWV and precipitation is
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confirmed especially in their positive anomalies. This feature is consistent with the absence of the
spectrum peak of precipitable water (Roundy and Frank 2004). The positive precipitation anomaly
maximum is found at —m /4, leading negative T;, anomaly with 1/8 wavelength.

The vertical cross sections show distinct differences between Rossby and Kelvin waves; a
vertically upright structure for Rossby waves and a vertically tilted structure for Kelvin waves (Fig.
3.3). The structures have been investigated by statistical studies as Kiladis and Wheeler (1995) and
Gonzalez and Jiang (2019) for Rossby waves and Straub and Kiladis (2002) for Kelvin waves. We
obtained consistent results with statistical analyses using more recent dataset. As for Rossby waves, in
the phase of active convection, low-level convergence and upper-level divergence are in phase and the
upward motion is dominant, and their signs are reverse in the less precipitating phase (Fig. 3.3a). The
low-level divergence signals have only weak statistical significance and are found below 800 hPa,
which suggests that the frictional convergence of rotational flow in the boundary layer is an important
factor, since the free wave solution show that horizontal divergence is in quadrature with vortical
circulations, not in phase. Horizontal winds show that upper-level signals do not correspond to the free
wave characteristics (Fig. 3.4a). The upper-level divergence can be considered as a response at the top
of an ensemble of moist convection, such as deep cumulonimbi and cloud clusters. The low-level
convergence signals are found in cyclonic circulations, and are inferred to be frictional (Fig. 3.4e).

For the Kelvin waves, the vertical tilted structure consists of a leading convergence near the
surface at m/4 followed by a middle-level convergence and an upper-level divergence at —3m/4-
—m/2 (Fig. 3.3b). In the convectively active phase, from -7 to 0, the horizontal convergence shifts
upward and rearward in the lower troposphere, and vertical upwelling velocity grows deeper as wave
phase progresses. This evolution of Kelvin wave circulation makes drastic transition of vertical
structure of vertical motion. These characteristics are qualitatively consistent with those depicted in

previous studies (Kiladis et al. 2009). It is confirmed that horizontal divergence signals are primary
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due to the zonal wind except for upper level (Fig. 3.4b, d, ). The off-equatorial wind anomalies
remain significant in the upper and middle levels (Fig. 3.4b, d), which may reflect the interaction with

the extratropics of Kelvin waves (e.g., Straub and Kiladis 2003b).

3.3.2. Vertical structures of thermodynamic and specific humidity

Vertical cross sections of the temperature anomalies are shown in Fig. 3.5. In the Rossby waves
case, a large anomaly is notable at 300 hPa, and signals with an opposite sign exist in the lower half
(Fig. 3.5a). These signals are centered at +11/2, and thus are all in phase with convective activity. The
structures in the lower free troposphere differ from previous studies. Kiladis et al. (2009) analyzed a
positive temperature anomaly at 850 hPa and a negative anomaly at 700 hPa. In contrast, our results
show two negative anomaly peaks at 800 hPa and 600 hPa centered at around 7/4 and /2,
respectively. This inconsistency may be caused by differences in the composite method as well as the
geographical distributions of the station of radiosonde observation by Kiladis et al. (2009).

Kelvin waves, on the other hand, have a vertically tilted structure (Fig. 3.5b). The temperature and
omega anomalies indicate a nearly quadrature phase relationship at each level with some
modifications with convection, thus Kelvin waves are strongly suggested to be assigned to the gravity
wave mode. In lower layer from 900 to 500 hPa levels, ascending anomaly is modified to slightly lag
behind expected gravity wave-like quadrature relationship of warm anomaly and in phase with near
surface convergence at around /4. In upper layer from 500 to 200 hPa levels, ascending anomaly is
modified at around /2 to be earlier than expected quadrature relationship. This modulation results
in vertically deeper ascending that is tied to low-level horizontal convergence and that may be caused
by convectively coupling.

The vertical cross sections of composite specific humidity are shown in Fig. 3.6. Rossby waves

again show a vertically upright structure (Fig. 3.6a). The moisture anomaly peaks slightly lag behind
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phase +n/2 and the precipitation anomaly (Fig. 3.2a). Compared to a previous study of Kiladis et al.
2009), the peak in the free troposphere is found at a lower level while the peak near the surface is
weaker. This may be caused by the difference of dataset: in-situ observation and reanalysis. Since the
synoptic condition with convergence at near surface, divergence in the upper troposphere, and a weak
divergence around middle troposphere (Fig. 3.4a, c, e), associated with deep upwelling motion (Fig.
3.3a) can moisten free troposphere efficiently resulting CWV anomalies with large amplitude. When
CWYV shows a large positive anomaly, precipitation is encouraged (Bretherton et al. 2004; Peters and
Neelin 2006). And on the other hand, when a large negative anomaly is provided, precipitation is
strongly suppressed. Thus the dipole-like large CWV anomalies strongly suggests that convectively
coupled Rossby waves include a moisture mode driven by CWV variability as a coupling mechanism
as suggested in Gonzalez and Jiang (2019).

For Kelvin waves, on the other hand, vertical tilted specific humidity structure is found (Fig. 3.6b).
The moist anomaly exists near the surface at the front side around /2, where downward motion is
dominant in the free troposphere, and convection is inactive. When the horizontal convergence
becomes dominant (Fig. 3.3b) and the upwelling motion starts developing at 7 /4, the lower free
troposphere becomes moist, but the middle level remains dry. Then the moist anomaly in the free
troposphere spreads from the low troposphere to the middle troposphere as the wave phase progresses.
In largely precipitating phase around —m/2 (Fig. 3.2b), the deep moist anomaly from the surface to
upper troposphere with the deep ascending is indicated.

Meridional structure is more important for Rossby waves whereas Kelvin waves are confined to
the equator and that seems intrinsic to its nature. Furthermore, three-dimensional construction was
required to produce theoretical unstable mode that corresponds to Rossby waves (Fuchs-Stone et al.
2019). Thus, the meridional circulation of Rossby waves is investigated here.

To discuss Rossby waves’ disturbances with the congestus convection, meridional cross sections of
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composite field are shown in Fig. 3.7. At —m/2, a large descent and dry anomaly strongly suppress
convective activity, and stacked moist anomaly with a deep ascent activate MCS and deep convection
at off-equatorial latitudes (Fig. 3.7a, c). Around the equator, downwelling anomaly can be seen around
400 hPa level but its statistical significance is low. A dry anomaly above 700 hPa level (Fig. 3.7a) and
a warm anomaly on 600-500 hPa level (Fig. 3.7d), which may be caused by the descent, can prohibit
deep development of convection, even though slight upward and moist anomaly below 800 hPa level
can encourage congestus convection. We note here that the discrepancy of vertical structure of
anomalous temperature in Rossby waves between Fig. 3.5a and the result shown by Kiladis et al.

(2009) may be caused by the difference of meridional position in composite analyses (Fig. 3.7f).

3.3.3. Heating profiles and budget analysis of column moist static energy

Figure 3.8 shows the profile of convective heating, which is apparent heat source (Yanai et al.
1973) minus radiative heating, Q; — Qg, produced in the TRMM 2H25 product. The sign of
anomalous heating in the Rossby waves (Fig, 3.8a) switches at 0 and 7, which is consistent with the
sign of the precipitation anomaly. This is mainly composed by top-heavy heating, whose peak is
located around 400 hPa level. The vertical profile of Kelvin wave heating anomaly transits from
bottom-heavy into top-heavy (Fig. 3.8c) with larger amplitude than Rossby waves because of their
larger positive precipitation anomalies (cf. Fig. 3.2). For both wave cases, the top-heavy heating is
dominant in their maximum phase of precipitation and is in phase with upper-level anomalies of
ascending and positive specific volume (Fig. 3.8b, d). Since top-heavy heating strongly indicates a
dominance of organized convective systems (Houze 1989; Schumacher et al. 2004) and the upper-
level heating anomalies are almost synchronized with temperature anomalies (cf. Fig. 3.5), latent heat
release from organized convection can generate available potential energy (APE) to drive and maintain

wave disturbances via kinetic energy supply.

37



Next, we examine the column-integrated budget of moist static energy (MSE) as follows,

oh N _0h N _0h N
ac] T \“ox/ T \Y

Here, h is MSE, Q; and @, are the apparent heat source and moisture sink, respectively (Yanai et

h 0
G| = Hire +00) ~ (o) = (@) (@) (D

al. 1973), Qg is radiative heating, and Hgf. is the surface heat flux, which includes sensible and
latent heat. The angle brackets denote column integration from 1000 hPa to 150 hPa. Above 150 hPa,
wave structures might include stratospheric response (cf. Figs. 3.3, 3.5). The overbar denotes
horizontal average and prime denotes deviation. Here, the scale of this horizontal average is the

reanalysis grid, thus deviation means subgrid scale processes. The horizontal divergence of cross
d — 9 — .
terms, <£ u’h’> and (5 v’h’), are assumed to be smaller than the vertical counterpart and are

omitted. The composite analysis of each term in the lhs, the tendency and advection terms, are
calculated in the same way as other variables: we make a time series and seasonal mean and then make
anomalous composites. Additionally, surface heat flux and radiative heating are derived from the
reanalysis dataset. The vertical convergence by vertical eddy transport is estimated from (Q;) — (Qr)
and (Q,), which are estimated in the TRMM 2H25 product.

The MSE amplitude of Rossby waves is notably larger than that of Kelvin waves, while the
precipitation amount amplitude is larger in the Kelvin waves case (Fig. 3.9a, b, and Fig.3.2). This
larger amplitude of Rossby waves is largely due to moisture variance (cf. Fig. 3.5 and 3.6). That
implies that Rossby waves are strongly controlled by MSE and/or moisture modulation. To investigate

how MSE fluctuation is formed, each term in equation 3.1 is decomposed; total advection term is

- <ﬁ a_E> — <17 %) — (6 %> (J/kg/sec) and forcing term is Hgse + (Qr) (J/kg/sec) in Fig. 3.9a and

3.9b, and each three advection terms, surface heat flux and radiative heating are in Fig. 3.9¢ and 3.9d.
In the Rossby waves case, the forcing term is almost in phase with MSE anomaly itself which

indicates that forcing term mostly contributes to amplification and maintenance rather than
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propagation (Fig, 3.9a), and this is mainly controlled by radiative heating (Fig. 3.9¢). The total
advection term damps MSE fluctuation, and this damping advection mainly consists of vertical
advection (Fig. 3.9¢). In the convectively active phase, upwelling plays a role in advection (Fig. 3.3a).
Zonal advection is almost in phase with the tendency and meridional advection shows only weak
contribution. This may be caused by large zonal gradient of MSE or CWV.

In the Kelvin waves case, on the other hand, the total advection term makes significant
contributions to MSE propagation, whereas forcing terms are against propagation (Fig. 3.9b). The
vertical advection shows a large amplitude whereas the horizontal advection is nearly zero (Fig. 3.9d).
Kelvin waves have almost no meridional wind and small CWV gradient, thus the horizontal MSE
advection is small. The vertical advection corresponds with a tilted omega structure.

In both Rossby waves and Kelvin waves, the maximum peaks of CWV lag to that of MSE
tendency with 1/4 wavelength (Fig.3.9e¢, f), and MSE itself corresponds with CWYV (cf. Fig. 3.9a, b).
This indicates that MSE fluctuations tightly connect to CWV in both types of waves. However, their
amplitudes are starkly different in each wave. Rossby waves show large MSE fluctuation and small
precipitation perturbation. In contrast, Kelvin waves show small MSE fluctuation and large
precipitation perturbation (Fig. 3.2). This result strongly supports classifying Rossby waves as
moisture mode and Kelvin waves as gravity wave mode. Precipitation coupled with Rossby waves is
controlled by CWV and/or MSE, whereas precipitation coupled with Kelvin waves is controlled by
buoyancy and/or dynamical disturbances.

Next, we quantify the amplitude of moisture mode and the generation of eddy APE and kinetic
energy. According to the idealized description of moisture mode by Sobel and Maloney (2012), the

growth of CWV is written as

o (1 . Hy,
ajzw dx = _Meff PWdx + _[L_de (32)

c

Here, M,f is effective gross moist stability, which is defined as M(1+ 1) —r in Sobel and
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Maloney (2012) with normalized gross moist stability M and cloud-radiative feedback parameter 7.
The cloud-radiative feedback is omitted in this section, and r is set to 0. Detailed radiative processes

are discussed later in Chapter 5. The normalized gross moist stability is calculated as a mean value at

the reference latitude over wave phases from —m to @ of (<ﬁ a—h> + <17 a—h> + <6 a—h>) / (5 E> with
ox dy ap op

the same composite procedure for ERAS variables. Here the s is dry static energy. The value for
Mgy is -0.1 for Rossby waves and -0.03 for Kelvin waves. W is CWV, P is precipitation, Hyp is
surface latent heat flux, and L. is latent heat of condensation. Horizontal integration is calculated
from —m to m with actual wavelength referring to Table 2.1, and the diffusion is neglected. This
formulation implies the moisture mode is efficiently amplified when the anomalies of CWV and
precipitation are closely in phase. Rossby waves indicate significantly large amplitude of CWV and
high efficiency for its growth (Table 3.1). Rossby waves need 7.2 day at its growth rate to achieve
mature amplitude, which is well short of Rossby waves’ period. On the other hand, Kelvin waves show
only slight CWV amplitude and weak amplification.

The growth as eddy disturbances are described as follows (cf. Nitta 1972):

i l(ﬁ_{_ﬁ) =_i<¢’vl)_i< ’w’)—(a’w’ ’ (3.3)
g (1 T2\ — (T Ra —TnT
5t (35 ) = @) + @) (3.4)

For these equations, overbar denotes average over one zonal wavelength, and prime denotes
deviations. The angle brackets denote column integration same as Eq. 3.1. The a is specific volume
and the ¢ is geopotential. The @Q is latent heat, but Q; — Qg estimated in TRMM product is
substituted here. The R is gas constant for dry air, the ¢, is specific heat of dry air at constant
pressure, and the o is static stability parameter as constant. The terms of energy exchange between
background and disturbances are small, thus they are omitted in Egs. 3.3 and 3.4. The APE is

generated by (a’Q’) and converted to kinetic energy by (a’w’) into kinetic energy. Since the
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anomalies of a', w’, and top-heavy heating are in phase especially upper levels (Fig. 3.8), Both
waves have large growth of kinetic energy (Table 3.1). The Rossby waves need 4.5 day and the Kelvin
waves need 2.2 day to reach mature amplitude.

The eddy MSE convergence plus surface heat flux is estimated in two ways: as a residual of

budget terms in ERAS5 and TRMM 2H25 product as follows,

0 oh _0h _0h _0h
e = () = (5] + (a5 + {5 + (05— @0 = (@) - (@ - (@n).
oh _0dh _0h _0h . . .
Here <§> + <ua> + <va> + <w %> — (Qg) is calculated in ERAS and (Q1) — {(Q,) — (Qr) is from

TRMM 2H25 product. Note that these two values are from different datasets. The calculation in ERAS
depend on synoptic scale motion, moisture, and radiation. On the other hand, the calculation in TRMM
product include cloud microphysics (cf. Takayabu and Tao 2020). Despite the difference of dataset, it
is confirmed that these two values are almost in phase qualitatively less than /4 phase lag, although
their amplitudes are five times different (Fig. 3.9g, h). There could be some factors for this large
discrepancy, for example, differences in samplings. Above all, since convective activity is
parametrized in the numerical model, there is no guarantee that eddy terms estimated with ERAS
represent quantitatively that of satellite observation estimates. This eddy term implies intensity of
convective activity, therefore it is not surprised that it is in phase with precipitation anomaly. Another
important implication is redistribution of MSE in vertical column. Though it is hard to make
quantitative speculation here, this vertical eddy may resist about half of its damping via vertical
advection.

To discuss the surface moisture flux, we conduct a composite analysis of surface wind speed using
the SSM/I dataset. In the Rossby wave case (Fig. 3.10a), the anomalous composite of surface wind
speed shows that high speed anomalies exist around the cyclonic flow, and low speed anomalies are
found around anticyclonic flow. Latent heat release is concentrated in the convectively active region;

thus, it may enforce only cyclonic circulations. Furthermore, the enhancement of surface latent heat
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flux around the cyclonic circulation with near surface convergence by cyclonic circulation (cf. Fig.
3.4f) can be a source of large amplitude of CWV. At the equator, there are no significant positive
signals of easterly wind around phase —m/2 although trade winds climatologically prevail. This
implies the role of surface evaporation on westward propagation of large CWV may limited. In the
Kelvin waves case (Fig. 3.10b), the surface wind is stronger in the easterly wind and horizontal
convergence phase. This suggests that enhanced surface moisture flux by the preceding easterly
overlapping climatological trade wind produces the leading moist anomaly near the surface.
Additionally, moisture supplied from the surface in the convective inactive phase can compensate for

the dry anomaly in the free troposphere (cf. Fig. 3.6b) and may cause a near-zero CWV anomaly.

3.4. Summary and discussion

In this Chapter, we conduct composite analyses of wave disturbances based on the wave phase.
Furthermore, we quantify precipitation amount and CWV based on satellite observations. The
vertically upright structure of the Rossby waves induces the stacked column moisture. The frictional
convergence by lower-level rotational flow (Fig. 3.3a, 3.4e) gathers the surface latent heat flux (Fig.
3.10a), and the deep ascending anomaly efficiently moisten the free troposphere (Fig. 3.6a), and they
cause the column-integrated MSE with large amplitude. It is amplified by radiation, propagated by
zonal advection, and damped by vertical advection. Precipitation anomaly is almost in phase with the
CWYV (Fig. 3.2a, Fig. 3.9¢). This implies that convective activity can be activated with large CWV
(Bretherton et al. 2004; Peters and Neelin 2006). The large amplitude of CWV and the high correlation
between precipitation and CWV strongly suggest that the Rossby waves may amplify and/or maintain
their CWYV fluctuations through a feedback process with precipitation based on the formulation of Eq.
3.2 constructed by Sobel and Maloney (2012). Thus, the Rossby waves can be assigned into the

moisture mode group for their convective coupling processes. Furthermore, since top-heavy diabatic
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heating is in phase with upper positive temperature or specific volume (Fig. 3.5a, 3.8a, b), it is inferred
that organized convective systems play a role for the generation of eddy APE and kinetic energy. This,
plus the fact that the disturbances retain their free wave’s circulations well (Fig. 3.1, 3.4), suggests that
the propagation of the convectively coupled Rossby waves may be rooted in Rossby waves’ own
westward propagation. On the other hand, the horizontal advection of MSE accounts for its tendency
(Fig. 3.9¢), and this implies that the Rossby waves may be driven by a moisture perturbation as in the
MJO. The moisture mode for convectively coupled Rossby waves, which may hold wave’s
characteristics, can be different from that of the MJO, which is a relatively pure moisture perturbation.

The Kelvin waves have a vertically tilted structure, and its omega and temperature anomalies show
nearly quadrature phase relationship (Fig. 3.5b), indicating the characteristics of the gravity wave. At
3m /4, precipitation indicate a negative anomaly (Fig. 3.2b), but the near surface layer is moist (Fig.
3.6b). At /4, the bottom-heavy heating starts to be positive (Fig. 3.8c), which implies either shallow
cumulus or deep but isolated convection (Houze 1989), and the wave disturbances show a shallow
ascending anomaly, a moist lower free troposphere, and dry middle troposphere. At —m/4, where
precipitation reaches its maximum, top-heavy heating shows large positive anomaly, which implies a
dominance of organized convection. The wave disturbance at this phase indicates low-level horizontal
convergence, deeply moist, and upper warm anomaly. These evolutions indicate strongly suggest
Kelvin waves have gravity wave mode with eddy kinetic energy supply by MCSs and of the moist
anomalies from near the surface to middle free troposphere. This coevolution between heating profile
from bottom-heavy to top-heavy and the moist anomaly from the surface to mid-troposphere may
correspond to the moisture-stratiform instability proposed by Kuang (2008).

Although we use global and annual reference signals of convectively coupled Rossby and Kelvin
waves, previous studies indicate that propagation characteristics can differ seasonally and regionally

(e.g., Yang et al. 2007a,b,c). In this study, we intend to detect more essential coupling characteristics
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and compare the results with previous idealized models. The methodology in this study implicitly
assumes full propagation as a wave, which enables us to compare and test some ideas in simple
models to actual situations. However, growing and decaying processes are not captured in the
composite figure along the wave phase space. Another benefit of this methodology is that using many
composite points enables us to investigate more directly convective activity using TRMM level 2 data
products.

The free equatorial waves are derived as linearly separable. However, the total values of CWV and
apparent heat source may be more important for convective activity, although we investigate
anomalous values statistically in this study. Future work will require further discussions of this
problem over a wide range of scales including the convective subgrid scale, the equatorial wave scale,
and seasonal or longer climatological scales.

An issue of determination and commonality of equivalent depths of Rossby and Kelvin waves still
remains. Results shown in the present study and previous idealized models strongly suggest that
coupling modes of these two waves are clearly different: Rossby waves correspond to moisture mode
and Kelvin waves correspond to gravity wave mode. This difference cannot justify the commonality of
equivalent depths. On the other hand, both waves are amplified by top-heavy heating via available
potential energy generation (Fig. 3.8). Furthermore, both waves show vertically similar structure each
other when heating is large: upper warm and lower cold, deeply moist, and top-heavy omega (cf. Fig.
3.5, 3.6). These similarities may support the commonality of equivalent depths, and we need further

study and discussion.
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Fig. 3.1: Composite horizontal structures of brightness temperature anomalies (K; colors) and horizontal
wind anomalies (m/s; vectors) at 850 hPa for (a) Rossby waves and (b) Kelvin waves. Shades for
values over 95% confidence levels and vectors whose zonal or meridional component meet 95%

confidence levels are plotted.
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Fig. 3.2: Composite horizontal precipitation amount from rainfall events as unconditional mean (mm/hr;
colors) and CWV derived from SSM/I (mm; contours with intervals of 0.2 mm) as anomalous

values from climatology for (a) Rossby waves and (b) Kelvin waves. Grids and contours for

values over 95% confidence levels are plotted.
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Fig. 3.4: Composite horizontal structures of horizontal wind (m/s; vectors) and its divergence (sec’;

colors), at 200 hPa for (a) Rossby waves and (b) Kelvin waves, at 500 hPa for (¢) Rossby waves

, and at 950 hPa for (e) Rossby waves and (f) Kelvin waves. Shades for
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values over 95% confidence levels and vectors whose zonal or meridional component meet 95%

confidence levels are plotted. There are no significant shades in (c).
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plotted.
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Table 3.1: Estimated values of components for energy equations.

1 1,—

JEWZdX _Meff f PWdx fEde <§ (uIZ + le))
(kg?2/m3) (kg2/m3/sec) (kg2/m3/sec) (kg/sec?)

Rossby 5.14 x 10° 6.22 2.00 9.56 x 102

Kelvin 3.44 x 10° 0.520 —0.103 5.84 x 102
< 4 ﬁ) < 4 ﬁ> T 1 — Rq —=

aquw 6y¢v (~a'o) <%a > pcpaaQ

(kg/sec?) (kg/sec®) (kg/sec?) (kg/sec?) (kg/sec®)

-1.67 x 1073 —3.46 x 1073 7.60 x 1073 3.29 x 10?2 491 x 1073
—3.75x 1073 3.09 x 1073 3.68 x 1073 6.66 X 102 457 x 1073
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Chapter 4.

Detailed precipitation characteristics
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Chapter 5.

Cloud distributions and its radiative effects
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Chapter 6.

General Conclusion

6.1. Summary

We utilize multiple satellite observational data products and quantitatively depict convective
activities and cloud-radiative profiles with comparisons to previously suggested coupling mechanisms.
First, the TRMM PR observation is used. The TRMM observation produces 3-dimensional distribution
of precipitation, which directly capture detailed characteristics of rainfall event. Convective heating
profile dataset retrieved based on the 3-dimensional precipitation data is also utilized. Second, we
utilize CloudSat and CALIPSO satellite data, which provide properties of the cloud fraction and the
radiative heating profiles. The accumulation of observational data and long-term statistical analyses
enable us to further estimate the total diabatic heating for the first time by combining convective
heating obtained from TRMM with radiative heating obtained from CloudSat/CALIPSO. This is an
important advantage of this study.

In Chapter 3, theoretically derived hypotheses, such as the gravity wave mode and the moisture
mode, are quantitatively examined with composite analyses for the Rossby and the Kelvin waves. We
show that the Kelvin waves correspond to the gravity wave mode with a nearly quadrature phase
relationship between the anomalies of vertical motion and temperature, and the Rossby waves
correspond to the moisture mode in terms of the large CWV anomalies and its amplification. The
convective heating Q1 — Qr is also quantified, and we discussed its effect on the eddy energy budget
based on the TRMM observation for the first time. The top-heavy heating from the MCSs dominates
the eddy available potential energy (EAPE) generation in both waves. The detailed vertical

distributions of the EAPE generation terms are shown utilizing satellite dataset, and they are similar in
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both waves with their peaks around 300 hPa level.

The detailed evolutions of precipitation characteristics are newly revealed in Chapter 4, by the 5-
type classification of TRMM rainfall events. The MCSs and the deep convective events are
simultaneously activated in the Rossby wave composite, while the shallow and congestus convective
events occur in the later period of the convectively suppressed phase. On the other hand, in the Kelvin
wave composite, a 5-type evolution from the shallow convective events to the decaying MCSs is
shown. Despite these differences of evolutions, the MCSs contribute the most to precipitation amount
in both waves. This similarity corresponds to the top-heavy heating profiles shown in Chapter 3.

Finally in Chapter 5, the cloud properties and radiative heating Q are quantified using CloudSat
and CALIPSO data product. The composite results of CloudSat/CALIPSO are consistent to the former
result of precipitation characteristics, obtained from TRMM rainfall events. Thus, the further
estimation of the total diabatic heating @, by combining radiative heating with convective heating, is
achieved for the first time. This quantification reveals that the EAPE generation is increased by
radiation by 30% in Rossby waves and by 42% in Kelvin waves. While the shortwave can amplify the
EAPE generation in both waves, the longwave radiation indicates a contrasting role on the EAPE
generation: reduction in the Rossby waves and increasing in the Kelvin waves. Additionally, the
radiative heating shift the peak of EAPE generation to slightly upper level especially in the Kelvin

wave composite.

6.2. Characteristics of convective coupling of Rossby waves

Findings of this study for the Rossby waves are schematically summarized in Fig. 6.1a, c. The
Rossby waves have the vertically erect structure (Fig. 3.3, 3.5, 3.6). The moist and ascending
anomalies are dominant over almost all troposphere. This erect and deeply moist synoptic condition

can induce the CWYV anomalies with large amplitudes. Since the anomalies of CWV with large
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amplitude at are almost in phase with precipitation anomaly (Fig. 3.9¢), the moisture mode is strongly
suggested as a coupling mechanism of the Rossby waves based on the construction of Eq. 3.2. The
frictional convergence near the surface (Fig. 3.3a, 3.4e, 3.9¢) can maintain large column moisture. In
the phase of large CWYV, the deep convective events, the MCSs, and the stratiform anvil rain are
simultaneously activated (Fig. 4.7a), and the MCSs mainly contribute to precipitation amount. The
large CWV may encourage deep development of convective towers and their organization with
stratiform rain. This dominance of the MCSs with top-heavy heating is synchronized with the upper
warm anomaly and can support the Rossby waves’ growth and/or maintenance through EAPE
generation (Fig. 3.8a, Table 3.1). Additionally, radiative heating plays a role on the amplification of the
EAPE generation by 30% (Fig. 5.3, 5.4, Table 5.2). Shortwave strongly shows positive effect but
longwave reduces the EAPE generation. The shallow and congestus convective events are active in the
later part of the convectively suppressed phase due to high SST (Fig. 4.7¢, 4.8a), which may be

resulted from the clear sky with less precipitation.

6.3. Characteristics of convective coupling of Kelvin waves

Findings of this study for the Kelvin waves are schematically summarized in Fig. 6.1b, d. The
Kelvin waves have the vertically tilted structure (Fig. 3.3, 3.5, 3.6). The anomalies of temperature and
vertical motion show the phase shift with almost 1/4 wavelength (Fig. 3.5b). This is highly
consistent to gravity wave, and thus the gravity wave mode is strongly suggested as a coupling
mechanism of the Kelvin waves. Since this phase shift is modulated in the upper layer, the peaks of
these anomalies are close around 300 hPa level (Fig. 3.5b). The moist anomaly grows from near the
surface layer to middle troposphere (Fig. 3.6b). However, the CWV anomaly does almost not show
negative value and only small amplitude (Fig. 3.9f, Table 3.1). This implies that the moisture mode is

dismissed for the Kelvin waves. The clear 5-type evolution of precipitation characteristics is indicated
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(Fig. 4.7b, d): the shallow, congestus, deep convective events, the MCSs, and the stratiform anvil rain.
This is consistent to the self-similarity suggested by Mapes et al. (2006). Here, their phase
relationships and amplitudes are newly quantified. The MCSs mainly contribute to precipitation
amount and the EAPE generation. The top-heavy heating of the MCSs is in phase with positive peaks
of temperature and vertical motion anomalies (Fig. 3.8c, Table 3.1). On the other hand, the distinct
deep but not organized convection induces bottom-heavy heating (Fig. 4.7b, 3.8c). Furthermore,
radiative heating plays a role on the amplification of the EAPE generation by 42% (Fig. 5.4, Table

5.2). Both shortwave and longwave radiation indicate amplification effect (Fig. 5.2).

6.4. Discussions and future works

The Rossby waves indicate the features of the moisture mode in terms of the large anomalous
CWYV fluctuation, which is amplified or maintained through precipitation anomaly in phase (Eq. 3.2,
Table 3.1, Fig. 3.9¢). However, that is different from speculations by previous studies. In the
framework constructed by Sobel and Maloney (2012), propagation characteristics of moisture mode
disturbances were mainly controlled by surface moisture fluxes. Fuchs-Stone et al. (2019) speculated
that preceding shallow convection on the equator plays a role on moisture supply via its pre-
conditioning effect. However, the results of this study are not consistent as follows. First, the positive
peak of CWYV lags behind that of precipitation amount (Fig. 3.9¢), and the moisture supply due to
frictional convergence at the surface may amplify rather than propagate Rossby waves’ CWV
fluctuations (Fig. 3.4e, 3.9¢, and Table 3.1). Second, the preceding shallow and congestus convection
seem to be embedded in Rossby waves’ circulation (Fig. 3.7, 4.7, 4.9) rather than play a pre-
conditioning role. These suggest that the moisture mode works as connection and amplification
between convective activity and large CWYV, and propagation characteristics is controlled by that of

Rossby wave itself. On the other hand, we should note that the tendency of column integrated MSE
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attributed to its horizontal advection (Fig. 3.9c). This implies that the moisture perturbation drives
westward propagation of Rossby waves. A comparative study between MJO and convectively coupled
Rossby waves is required to improve our understanding on the moisture mode.

The evolutions of precipitation characteristics shown in Chapter 4 and the transitions of cloud and
radiative properties shown in Chapter 5 quantify the phase relationships between the first and the
second baroclinic modes. The Rossby waves indicate that the first and the second baroclinic modes are
almost in phase (Fig. 3.8, 4.7, 5.3). On the other hand, the Kelvin waves indicate the phase shift of
about 1/8 wavelength between the two modes. This phase shift was often assumed empirically in
idealized model studies (e.g. Khouider and Majda 2008), thus the quantitative findings of the phase
relationships may contribute to constructions of theoretical framework.

In Chapter 4, we create histograms of the three indices. However, since we cannot determine the
shape and relative position to background wind of each rainfall event in present dataset, these
histograms have not sufficiently depicted behaviors of individual rainfall event. For example, we
cannot analyze whether the organized systems are like squall lines or cloud clusters, and if they are an
up-shear-tilted or down-shear-tilted eddy, although this information is important for turbulent scale
processes such a convective momentum transport (Moncrieft 1992), whose importance in MJO has
been suggested by Miyakawa et al. (2012). We need a further study on detailed rainfall event
characteristics to clarify the smaller scale processes of momentum and/or moisture budget between
convection and equatorial waves.

The contrast nature between gravity wave mode and moisture mode is emphasized in previous
studies. However, we show common features as mean vertical profiles of EAPE generation (Fig. 3.8,
5.4). In both waves, the generation term is maximized around 300 hPa level and slightly negative
around 600 hPa level. Furthermore, radiative heating strength its amplitude. The radiative heating in

the Kelvin wave composite shifts the peak of the generation term upward (Fig. 5.4b). This may
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correspond to the spectrum peak of the Kelvin waves, which locates around dispersion curve of deeper
equivalent depth than that of Rossby waves (Fig. 2.2). This might claim that the determination of
equivalent depths depends on vertical structure of the EAPE generation, and common equivalent
depths may be resulted from the dominance of top-heavy heating of MCSs. While this similarity of the
vertical profile of EAPE generation is mean state over one wavelength, the detailed precipitation
characteristics differs in terms of the phase relationship between deep convection and MCS, or the first
and the second baroclinic modes. Further investigation is required to quantify equivalent depths and
estimate how this phase relationship modulate equivalent depths.

Analyses in this study is expected to be applied to other equatorial wave modes and the MJO in
various spatiotemporal-scale filtering. Previous studies implied that the choice of values of
wavenumber or frequency for wave filtering may modulate results, especially in the case of Kelvin
waves. Yasunaga and Mapes (2014) suggested that differences on modulations to convective activity
from faster or slower propagating convectively coupled waves, and Roundy (2012) indicated the
gradual transition from Kelvin wave to the MJO as the filtering band is changed to shallower
equivalent depths. A contrast between the gravity wave mode and the moisture mode may depend not
only on equatorial wave modes but on wave’s spatiotemporal scale. An extension of composite
analyses to wider spatiotemporal scales will reveal details of various coupling disturbances, and that
can improve a theoretical approach based on the diabatic heating which is required as a future work to

shed light on determination processes of equivalent depths of CCEWs.
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Fig. 6.1: Schematic figures of wave disturbances in upper panels and coupled precipitation characteristics
in lower panels. The upper panels show the synoptic wave disturbances which is discussed in
Chapter 3: humidity, temperature, vertical motion, and heating profile for (a) Rossby waves and
for (b) Kelvin waves. The lower panels show distributions of precipitation characteristics with the

anomalies of precipitation amount (color) and CWYV (contour) which is discussed in Chapter 4,

for (c) Rossby waves and for (d) Kelvin waves.
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