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Abstract

In this thesis, we present a detailed study of the small-scale gravity waves in the upper
troposphere-lower stratosphere region that are generated by hurricanes. The goal is to
understand the spectral properties of the convectively generated gravity waves and their

variations with respect to the hurricane intensity.

First, we investigate the gravity wave characteristics for four selected hurricanes using the
high vertical resolution temperature measurements from the GPS-Radio Occultation (RO)
and the fine horizontal resolution wind data from the ECMWF reanalysis dataset, with the
application of the least squares spectral analysis and wavelet analysis. We then examine

the variations of the gravity wave characteristics as the hurricane intensity decreases.

Our results show that the pure thermal forcing mechanism generates the primary waves
at the surface level in an almost identical way, while the overshooting convection and the
background wind filtering seem to weaken as the hurricane intensity drops. The obstacle
effect appears to dominate in the lower stratosphere which further contributes to the wave
field asymmetry. We then consider a two-layer convection model to simulate the hurricane
convection that innovatively connects the wave generation and dissipation mechanisms

with the ambient background atmosphere.

This study is important for understanding the couplings between the hurricanes and the
lower atmosphere through the vertically propagating gravity waves, which heuristically
provides the observational evidence for concepts that were discussed theoretically in the

previous studies.
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Chapter1

Introduction

1.1 Atmospheric gravity waves

The Earth’s atmosphere can be considered as a stably stratified fluid with a density
decreasing exponentially with height. Based on the vertical variations of the temperature,
the atmosphere can be divided into layers. Troposphere is the lowest part of the Earth’s
atmosphere where most weather systems occur. The top of the troposphere is called
tropopause, which has a minimum height of about 10km. The temperature in the

troposphere decreases with the increasing altitude (Hewitt & Jackson, 2003).

Stratosphere is the region above the troposphere, which extends from the tropopause to
an altitude of about 50km. The temperature in the stratosphere usually increases with
height to a maximum value at the strafopause. This increase is caused by the ozone layer

that absorbs the solar ultraviolet radiation (Hewitt & Jackson, 2003).

The region above the stratopause is called mesosphere where the temperature decreases
with height again, because the cooling processes above 50km altitude are stronger than
the warming caused by the absorption of the ultraviolet radiation. The minimum
temperature in the mesosphere occurs at its upper boundary, namely the mesopause,

which separates the mesosphere from the upper layers (ibid., 2003).

Thermosphere is the region that lies above the mesopause, where the temperature

increases with height again. The region above 80km altitude is called ionosphere, where

1



the solar radiation excites the electrically neutral atoms and produces ions. The
temperature in the ionosphere increases with height due to the release of energy from the

ionization processes (ibid., 2003).
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Figure 1.1. The layered structure of the Earth’s atmosphere and the vertical variation of the
average temperature in the atmosphere (red).

Within such a stratified atmosphere, atmospheric gravity waves are generated when an
air parcel is displaced from its equilibrium position. The surface gravity waves, or the
external gravity waves are formed along the interface between the stratified layers. In
contrast, the internal gravity waves, which are of our interest, oscillate within the stratified

2



layer with a restoring force of buoyancy and gravity (Markowski & Richardson, 2010). For

simplicity, we will refer to the internal gravity waves as gravity waves (GWs).

A variety of sources can generate GWs, such as topography, wind shear and convection
(Fritts & Alexander, 2003). Mountain waves are typical examples of topographically
generated GWs, with a horizontal wavelength of tens to hundreds of kilometers. Unstable
shears can also excite GWs, which are difficult to model due to their timescales. Likewise,
convection can generate GWs through different mechanisms with a wide spectrum of

frequencies (ibid., 2003).

Among the GWs generated by different sources, our study focuses on the vertically
propagating, internal gravity waves that are generated via convection in the atmosphere.
These convectively generated gravity waves (CGWSs) are on a smaller scale (a time period
less than a few hours with a horizontal wavelength smaller than 400km or a vertical
wavelength of about 2-10km) compared to the large-scale gravity waves (a horizontal
wavelength exceeding 1000km), which have profound effects in the mean circulation of

the middle atmosphere (Kuester et al., 2008; Guo et al., 2019; Song et al., 2021).

CGWs are usually related to the weather systems in the troposphere with a time-
dependent thermal forcing that cannot be easily quantified (Fritts & Alexander, 2003; Wang
et al., 2021). For instance, deep convection associated with storms and hurricanes is an
important convective source of our interest, which generates GWs via nonlinear heat flux

and the heat release (Alexander & Holton, 2004; Muller et al., 2018; Shi et al., 2021).

Mathematically, a GW perturbation can be described by wave number components
(k,I,m) in Cartesian coordinates (x,y,z) and a ground-based (ground-referenced)
angular frequency w. The term intrinsic frequency @ is widely used to report the angular

frequency of the wave that will be measured if the observer is in a frame moving with the



horizontal background wind velocity (u, ¥) i.e., & is wind-referenced:
= w-—ku—Iv. (1.1)

For medium-to-high frequency GWs, their frequencies are generally much larger than the

Coriolis parameter f, which depends on the Earth angular rotation rate 2 and latitude ¢:
f = 20sing. (1.2)

Buoyancy force, one of the restoring forces for GWs, results from the vertical pressure or
density gradient and lifts the air parcels upward. On the contrary, gravity acts as the other
restoring force that leads to the vertical oscillation with a frequency given by the Brunt-

Véiséla frequency, or the buoyancy frequency N

aln6
0z

N= |g (1.3)

Here g is the acceleration due to gravity and z represents the altitude. The other
parameter is the potential temperature 6, which is the temperature that an unsaturated air
parcel would have if it were brought adiabatically’ to a standard pressure p, (typically

100kPa) from its original pressure level p of temperature T

P (%)K, (1.4)

where k is the Poisson constant which usually takes the value k = 0.2854 for dry air

(Goody, 1972).

Gravity waves can propagate both horizontally and vertically depending on their spectral
properties. According to Fritts and Alexander (2003), the vertically propagating GWs of our

interest have real wavenumber components (k,l,m) and an intrinsic frequency confined

' The adiabatic lifting refers to the process without heat exchange with the surroundings.
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tothe range of N > @ > |f|. These spectral properties, including the vertical wavenumber
and the intrinsic frequency, are modulated by the background atmospheric conditions and

vary significantly during the vertical propagation of the GWs (ibid., 2003).

GWs are considered to play an important role in the atmospheric circulation by
determining the structure of the wind and the temperature (Shi et al., 2021). In addition,
GWs transfer their energy to the background atmosphere when they dissipate or break,
which significantly affect the thermodynamics in the middle and upper atmosphere

(Alexander & Holton, 2004; Xu et al., 2019).

1.2 Convection and hurricanes

Convection is a major source of gravity wave generation. Convection refers to the process
that transfers heat through the movement of a mass within a fluid, such as a gas or a liquid
(Hewitt & Jackson, 2003). For example, within the Earth’s atmosphere, the air parcels
near the surface are radiatively heated and tend to rise and mix with the cold air parcels
above, a process known as free convection. In addition, large-scale surface winds can
also force the heated air parcels to rise and mix with the whole air mass, known as forced

convection.

Convection can also be categorized as shallow convection and deep convection. Deep
convection, or deep moist convection refers to the type of convection that extends from
the surface to the level above the tropopause (Davison, 1999). More specifically, deep
convection describes a process that an unsaturated air parcel rises above its level of free
convection?, which becomes saturated and remains positively buoyant, allowing itself to

ascend further upward (Goody, 1972; Markowski & Richardson, 2010).

2 Level of free convection refers to the altitude at which the saturated air parcel becomes warmer
than the surroundings.



There are many weather systems related to convection, for example, a tropical cyclone is
a fast-developing system closely associated with deep convection. Tropical cyclones are
referred to as hurricanes over the Atlantic Ocean and are called Typhoons when they
occur in the western Pacific region. In this thesis, we focus on the tropical cyclones that

occur over the Atlantic Ocean and thus we will use the term ‘hurricane’.

\

/ / Eye
|
\

Eye;'vall

Qutflow

Cold falling ‘;b

Rain t;ands

Figure 1.2. A vertical cross section of the internal structure of a hurricane. The calm and clear core
of the hurricane is the eye, which is surrounded by the most convective region called the eyewall.
Further from the eye, the warm rising air produces precipitation in the spiral rainbands.

Hurricanes are associated with a low-pressure warm core and strong low-level (low-
altitude) winds that extend spirally away from the hurricane center (Hewitt & Jackson,
2003). The center of a tropical cyclone is a calm and clear area called eye, as shown in
Fig. 1.2. The eyewall is the thin region surrounding the eye with ring bands of deep
convective clouds that extends vertically upward from the ocean surface and occasionally

reaches the tropopause.

In the Northern Hemisphere, the surface winds of a hurricane rotate in the counter-
clockwise direction while the upper-level winds rotate clockwise. To be specific, the
spinning air at the surface rises to the convective clouds due to the surface wind
convergence, which forms the eyewall and circulates outward from the cloud top as an

outflow around the tropopause height (cf., Fig. 1.2). The thermal rising of the air parcels



and the surface air turbulences cause heavy precipitation in the eyewall and in the
surrounding spiral rainbands. In this thesis, we will refer to the outer region of a tropical
cyclone with the spiral rainbands as the rainband region to distinguish it from the eyewall

region.

The formation of the hurricanes requires a warm ocean surface with a sea surface
temperature (SST) not below 26-27°C as the energy source, which produces warm and
moist air mass that upwells to form the convective clouds (Emanuel, 1986; Tory & Dare,
2015). In order to attain the strength of a tropical storm, the outflow temperature® needs

to achieve a value of -20°C or lower when the SST is less than 26°C (Emanuel, 1986).

As the air parcels ascend from the warm ocean surface in the hurricane region with a
decreasing temperature, the condensation of the water vapour releases a large amount
of heat, namely the latent heat. Latent heat is defined as the heat that is absorbed or
released during the phase change of a substance (Smith & Montgomery, 2016). In the
event of a hurricane, the release of the latent heat at the ocean surface helps to maintain
the atmospheric instability, which generates precipitation and clouds that indicates the

beginning of convection (Goody, 1972; Vergados et al., 2013).

Specifically, during a hurricane, the strong latent heat flux near the ocean surface is
supplied by the entrainment of the water vapour through the boundary layer convergence,
where the intense inflow in the boundary layer acquires moisture from the sea and
provides it to fuel the convection (Smith & Montgomery, 2016; Yano, 2021). Hence, the
boundary layer is essential in the hurricane genesis since it saturates and destabilises the

lower atmosphere (Noh et al., 2003; Nolan, 2007).

3 Qutflow temperature is the air temperature along the constant angular momentum surface as the
air spreads to large radii.



The boundary layer is usually referred to as the atmospheric boundary layer (ABL) or the
planetary boundary layer (PBL). This layer is the bottom portion of the atmosphere that is
in direct contact with the Earth’s surface, which usually has a thickness of a few kilometers.
The ABL is significantly affected by the surface heating due to the solar radiation and the

vertical wind shear (Markowski, & Richardson, 2010).

When positive buoyancy exists at the surface and creates thermal instabilities, the
boundary layer becomes a convective boundary layer (CBL). In the event of strong solar
heating or strong latent heat released, the CBL may comprise the entire troposphere and
extends to the height of tropopause (Stull, 1988). Under such circumstances, the deep
moist convection is closely associated to continuously deepen the well-mixed boundary

layer and the thickness of the CBL becomes 10-15km (Yano, 2021).

According to above, hurricanes are complicated weather systems that cause significant
loss to mankind. Costal countries usually experience the most extensive damage from the
hurricanes, including heavy rains, flooding, storm surge and even tornadoes (Emanuel et
al., 2006). Therefore, a thorough study of the thermodynamic characteristics of the
hurricanes including the temperature, water vapour and the rotational winds as well as
their couplings with the lower atmosphere are necessary. This knowledge helps to improve
the current cyclogenesis modeling and the hurricane intensity forecasting (Emanuel et al.,

2006; Tory et al., 2006; Davis, 2018).

1.3 Overview and scope of the thesis

GWs are essential in coupling the Earth’s troposphere with the middle to upper
atmosphere (Xu et al., 2019). Recent studies suggested that the deep convective systems,

such as the hurricanes can generate the upward-propagating, small-scale gravity waves



that potentially change the dynamics in the atmosphere via the momentum flux deposition

(Kuester et al., 2008; Zhao et al., 2020).

For example, Huang and Kuo (1978) showed that the spiral bands of a hurricane
propagate outward and grow with the presence of the horizontal shear, which behave like
the gravity waves. Similarly, Wu et al. (2022) also presented that the hurricane-induced
GWs in the stratosphere propagate spirally upward and spread away from the hurricane

center using numerical simulations.

Previous studies have shown that the hurricanes can generate concentric gravity waves
in the lower to middle atmosphere based on both satellite measurements and model
simulations, which sometimes propagate into the upper atmosphere and create the

traveling ionospheric disturbances* (Xu et al., 2019; Zhao et al., 2020).

However, given the fast-developing nature of the GWs and their convective sources such
as hurricanes, the propagation and the variation of the GWSs are hard to analyze due to
the lack of high-resolution measurements. This shortcoming also poses difficulties in

identifying the connection between the GWs and the lower atmosphere.

Hence, we aim to better understand the couplings between hurricanes and the upper
troposphere-lower stratosphere (UTLS) region through the small-scale CGWs. In this
thesis, we use the high vertical resolution measurements from the Global Positioning
System — Radio Occultation (GPS-RO), in order to capture the small-scale GWs in the
UTLS region that are induced by different hurricanes. We intend to learn more about the
spectral properties of the hurricane-induced GWs and their variations with respect to the

hurricane intensity.

4 The traveling ionospheric disturbances are the ionospheric electron density perturbations that
propagate as waves.



This study is essential in understanding the coupling between the GWs and the lower
atmosphere. We aim to bridge the current knowledge gap of the CGWs by identifying the
variability of the GWSs during the intensity change of a hurricane. This knowledge will
significantly help the small-scale GW parametrization in the global circulation models and
leads to a detailed understanding of the energy exchange in the UTLS region (Choi et al.,

2012; Xu et al., 2019).

An overview of the thesis is as follows. Chapter 2 introduces the current understanding for
the hurricane-induced GWs. This chapter begins with a summary of the mechanisms that
generate the GWs through convection. We then introduce the GW dispersion relation and
describe the GW modification caused by the background wind filtering effect. We finish
this chapter by reviewing the previous research results as well as introducing our research

objectives.

Chapter 3 presents the methodology that we follow to analyze the GW characteristics.
The GPS-RO technique and its data retrieval process are firstly introduced. We then
present the extraction of the wave-induced temperature perturbations using the high
vertical resolution RO measurements (Foelsche et al., 2008), as well as the extraction of
the wave-induced wind perturbations using the fine horizontal resolution ECMWF dataset
(Aragéo, & Porcu, 2022). Lastly, we describe the spectral analysis methods that we apply

for the temperature perturbations following a least squares approach (Pagiatakis, 1999).

In Chapters 4 to 7, we conduct individual hurricane case studies of four hurricanes with
different intensities. For each hurricane, we first discuss the eyewall thermodynamics
based on the analysis of the temperature perturbations. The GW characteristics are then
introduced according to the spectral analysis results. Lastly, a wind perturbation analysis

is shown to describe the GW propagation at different altitude levels.
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In Chapter 8, we carry out a comparison of the hurricane thermodynamics as well as the
GW behaviours for different hurricanes and in different regions of a hurricane. This chapter
focuses on the temperature variations and the GW spectral properties when convection
strength varies. Chapter 9 presents a similar comparison of the GW variability for all
hurricanes but prioritized on investigating the GW variation with respect to the wave

generation or dissipation mechanisms.

Lastly, we provide a summary of the main research outcomes and their significance in
Chapter 10. The future direction of the relevant research is then discussed, in order to

study the hurricane-induced GWs to a greater extent.
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Chapter 2

Gravity Wave Generation and

Dissipation Mechanisms

Previous studies have described several mechanisms that can generate the GWs through
convection, including the pure thermal forcing, the obstacle effect, the mechanical
oscillator effect and the overshooting convection (Stull, 1976; Fritts & Alexander, 2003;

Kuester et al., 2008; Dutta et al., 2009), which we will introduce in detail in this chapter.

In addition to the generation of the CGWs, we also discuss the wave dissipation caused
by the wind filtering effect in accordance with the GW dispersion relation (Cowling et al.,
1971; Fritts & Alexander, 2003). We finish this chapter by reviewing previous studies of
the hurricane-induced GWs and their limitations, from which we hope to contribute filling

the knowledge gap of the current research.

Although the generation and the modification of the GWs are well studied theoretically,
the parametrization of the convective generation is still incomplete due to the variability of
the thermal forcing within the convection. In reality, different mechanisms may be coupled
nonlinearly within one convective event, but one mechanism may dominate to explain the

observations of a certain type of waves (Fritts & Alexander, 2003; Kuester et al., 2008).
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2.1 Gravity wave generation

There have been many studies aiming at simulating the mechanisms of the GW
generation via convection. Three main mechanisms are now widely accepted and referred

to for studying the convectively generated gravity waves.

The first wave generation mechanism is the pure thermal forcing mechanism. This
mechanism is also known as deep heating mechanism (Beres et al., 2002), suggesting
that the GWs are generated by a thermal forcing inside the convective storms, such as
the release of latent heat (Kuester et al., 2008). The thermal forcing is usually time-
dependent and is bounded by heating depth®. According to Alexander et al. (1995), the
vertical wavelength of the thermal forcing generated waves is about twice the heating
depth in the troposphere, which becomes approximately equal to the heating depth in the
stratosphere. Since the buoyancy frequency N doubles across the tropopause, as a result

the vertical wavelength reduces by half (Fritts & Alexander, 2003).

The second mechanism is the obstacle effect. This mechanism is similar to the
topographic wave generation, since the convective source in the boundary layer acts as
an obstacle to the background flow (wind), just like the wind blowing over the mountain
which excites the mountain waves (Kuettner et al., 1987). The GWs excited by the
obstacle effect are primarily opposite to the background wind, with short horizontal
wavelength but much larger amplitude compared to the GWs that are generated by the
pure thermal forcing mechanism (Clark et al., 1986; Dutta et al., 2009). Besides, the
obstacle effect also contributes to explaining the large-scale wave generation in the middle

atmosphere® (Fritts & Alexander, 2003).

5 Heating depth refers to the depth of the diabatic heating layer.

6 Middle atmosphere usually indicates the stratosphere and the mesosphere.
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Gravity waves can also be generated through the mechanical oscillator mechanism. This
mechanism assumes that when the air parcel oscillates about its level of neutral buoyancy
with a local buoyancy frequency, the GWs can be generated (Fovell et al., 1992). A time-
varying thermal forcing is also considered as a nonlinear oscillator if it oscillates with a
fixed period (Fritts & Alexander, 2003). The mechanical oscillator mechanism only
generates high-frequency waves in the upper troposphere, since the GW frequency
equals the oscillating frequency of the source that is, the local buoyancy frequency

(Kuester et al., 2008; Dutta et al., 2009).

These conceptual models have well described the possible generation mechanisms of the
CGWs. However, to the best of our knowledge, these assumptions have not been verified
by the pervious studies using either numerical simulations or observational results. Our
work is innovative in that for the first time, we link and illustrate the conceptual wave-
generation models with the observational evidence using temperature measurements

(vertical profiles) from GPS-RO and wavelet analysis results, shown in Chapters 4 to 9.

In addition to the three wave-generating mechanisms introduced above, Stull (1976) also
proposed a mechanism that can excite GWSs through the overshooting convection, which
is also known as the penetrative convection. When the ABL is capped by a temperature
inversion, the air parcels ascend from the turbulent layer” usually stop at the equilibrium
level. However, if the air parcels ascend fast enough due to the strong instabilities, they
are able to shoot upward from the turbulent mixed layer and enter the overlying stable
layer due to the large momentum they carry. This process is called the overshooting
convection, from which both the horizontally propagating and the vertically propagating

GWs are excited (Stull, 1976). In the case of deep moist convection, where the CBL

7 Turbulent layer contains many eddies that tend to cause mixing and dispersion of the air mass.
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extends to the height of the tropopause, the overshooting convection exists if the

temperature inversion caps the tropopause.

Correspondingly, Vergados et al. (2014) suggested that the vertical updrafts inside the
hurricane eyewall possibly led to overshooting convection at stratospheric altitudes. In this
thesis, we are able to verify this assumption using temperature perturbation profiles inside
the eyewall region of intense hurricanes. Moreover, we further provide analytical results

to confirm the generation of the small-scale GWs via the overshooting convection.

According to Stull (1976), overshooting convection generates GWs that propagate
horizontally at the base of the temperature inversions, which are called the interfacial
waves since they are generated along the interface between the turbulent layer and the
overlying stable layer. Overshooting convection also generates the vertically propagating
GWs in the stable layer above the capping inversion, which are the internal gravity waves
of interest to us. When the vertically propagating GWs are generated, energy carried by
the GWs is lost in the turbulent layer during the upward propagation; the loss is small if a
strong temperature inversion is present. When the turbulent layer is vigorous and the

inversion is weak, the loss of the GW energy is significant (Stull, 1976).

In mechanisms that can generate GWs via convection, the convective source is usually
time-dependent and/or unstable. Following Alexander and Holton (2004), we refer to the
short-duration or the time-varying thermal forcing as a transient heat source. The transient
heat source is known to produce GWs through the nonlinear heat flux divergence and the
release of latent heat, which leads to two types of wave packets that are distinct from each

other with different characteristics (Alexander & Holton, 2004):

(1) The transient heat source can excite the GWs with high frequency and long vertical

wavelength. This type of GWSs propagate fast vertically, which are also known as the
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primary waves or deep waves (Nolan, 2020). These primary waves quickly propagate
upward, which can only be observed for a short period of time in the stratosphere at a

close radial distance from the heat source (Alexander & Holton, 2004).

(2) The transient heat source can also excite the GWs with low frequency and short
vertical wavelength, which are known as the secondary waves (Nolan, 2020). These
secondary waves propagate slowly in the vertical direction and stay longer in the lower
atmosphere, which can be observed for a long period of time at a longer distance from

the heat source (Alexander & Holton, 2004).

However, the primary waves are usually trapped in the troposphere by the turbulent layer
due to the convection in the upper troposphere and the temporal variation of the
momentum flux. Thus, the secondary waves dominate in the stratosphere and are more

likely to be observed (Alexander & Holton, 2004; Dutta et al., 2009).

Our work agrees notably well with the assumption brought up by Alexander and Holton
(2004). We justify the trapping of the primary waves at low altitudes and the domination of
the secondary waves in the stratosphere based on the analysis of wind perturbations.
More importantly, we closely relate the concepts of two distinct wave packets generated
by the transient heat source with a two-layer convection model to inventively describe the

convection regime of intense hurricanes as we present in Chapter 9.

2.2 Gravity wave dispersion relation

In physics, a wave is associated with an angular frequency w and a wavelength A. It is
also useful to describe the propagation of a wave using linear wavenumber, which
measures the cycles that a wave completes per unit distance. The angular wavenumber,

or simply wavenumber, is more commonly used nowadays.
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In a local reference frame that captures the GWs with origin located at the source of the
wave, z-axis points vertically upward to the opposite direction of the gravity vector, x-axis
points toward east and y-axis forms a right-handed Cartesian coordinate system. For a
wave perturbation with angular wavenumber components (k, [, m) in this local reference
frame, the horizontal or the vertical wavelength of the wave is defined as the horizontal or
the vertical distance between the line of constant phase. Fig. 2.1 below illustrates the

determination of the wavelength using the constant phase line in the x — z plane.

*
X

Figure 2.1. Determination of the horizontal and vertical wavelength. Lines indicate the constant
phase for the wave, A, and 1, are the wavelengths in the x and z directions vector (Markowski, &
Richardson, 2010).

For simplicity, we define a horizontal wavenumber k;, to report the horizontal propagation

of a wave in the x — y plane:
lkp| = VEkZ2+12. (2.1)
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Hence, the horizontal wavelength A, can be linked to the horizontal wavenumber via:

PR 2.2)
h - kh . .
Similarly, the vertical wavelength 1, of the wave is expressed as:
2n
/12 = R . (23)

Aside from the wavelength, another important parameter to describe the GWs is the
intrinsic frequency @. The intrinsic frequency of a GW is related to its angular frequency
w via Eq. (1.1), where @ is defined as the frequency that will be measured in a frame

moving with the horizontal background wind (i, 7) (Fritts & Alexander, 2003).

When GWs exist in an environment with ambient wind, the intrinsic frequency of the GWs
experiences a Doppler shift along the wind direction (Markowski, & Richardson, 2010). To

highlight the Doppler shift effect, let i, denote the horizontal background wind as:

|G| = Vu? + 92, (2.4)
then Eq. (1.1) can be written using the horizontal wavenumber k;, as:
As Eq. (2.5) states, the increase or decrease of the GW intrinsic frequency depends on
the GW propagation with respect to the horizontal background wind direction, a wave-
dissipating mechanism called the background wind filtering that we will introduce in the

next section. Alternatively, the variation of the GW intrinsic frequency in turn causes a

change in the GW wavenumber, which is stated by the GW dispersion relation.

When a wave packet is composed of waves with different wavelengths or frequencies,

these waves may travel at different speeds. This phenomenon is known as the wave
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dispersion. Specifically, the wave packet or wave envelope that is made up of different
wavelength (frequency) components travels at a velocity called group velocity c,, while
each wavelength (frequency) component travels at its phase speed c (Fritts & Alexander,

2003).

t;>1, wave
energy propagation

/' air motion

wave
phase propagation

Figure 2.2. Energy propagation and phase propagation for an internal gravity wave (Markowski, &
Richardson, 2010).

According to Fritts and Alexander (2003), the phase speed of the GWs is a scalar quantity,
although the phase propagation follows the direction of wavenumber vector (k, [, m). This
leads to an important property of the GWs that they have upward group velocity (energy
propagation) but the GW phase propagates downward (Steiner & Kirchengast, 1999). As
shown by Fig. 2.2, for eastward and upward energy propagation, the phase propagates
eastward (k > 0) and downward (m < 0), which is perpendicular to the direction of group

velocity.
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Gravity waves are transverse waves that undergo dispersion, since they propagate
perpendicular to the air parcel displacements (cf., Fig. 2.2). For dispersive waves such as
the GWs, the dispersion relation connects the frequency of a wave component with its
spectral characteristics as well as with the properties of the background atmosphere and

a scale height H via:

1
NZ(kZ + l2) +f2 m2 + —

1
k2+lz+m2+m

where H describes the vertical distance over which the pressure of the atmosphere drops
by a factor of e (Here e is a numerical constant, namely the Euler’s Number, which has a
value of about 2.718). Following Fritts and Alexander (2003), simplifications of the

dispersion relation can be made for different frequency bands of the GWs:

(1) For GWs in a high-frequency band @ > f, the Coriolis effect can be ignored and the
GW dispersion relation is simplified to:

~2 Ivzkh2

= —. 2.7
khz +m2 ( )

The high frequency waves have long vertical wavelength but relatively short horizontal
wavelength, which are easy to be trapped in the lower atmosphere. The vertical

wavelength of these high frequency waves strongly depends on the variation of the

atmospheric density.

(2) Medium-frequency waves are defined with an intrinsic frequency of N »> & > f. Such

GWs have a simplified form of the dispersion relation:

NZ2kj,?
mz

2:

) (2.8)
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In this frequency band, the effects of the background wind become significant in
modifying the wave properties. Because the background wind directly affects the
intrinsic frequency of the GWs, the intrinsic frequency is closely related to the vertical

wavenumber (wavelength) of the GWs as stated by Eq. (2.8).

Although this simplified form is too general to describe the atmosphere under some
extreme weather phenomena, it still brings many insights into studying the gravity
wave properties with respect to the variations in the atmosphere (Fritts and Alexander,

2003).

(3) When the rotation of Earth cannot be neglected, the intrinsic frequency of the GWs is
at a scale close to the Coriolis parameter since @ ~ f. The GWs are therefore low-

frequency waves. An approximation of the dispersion relation becomes:

_, N%k?
0% = — + f2. (2.9)

This approximation is valid for the low-to-medium frequency waves, because f can be

ignored when the Coriolis effect does not play a significant role (Fritts & Alexander,

2003).

For all frequency bands, the GW dispersion relation reveals that the vertical wavenumber
m is inversely proportional to the intrinsic frequency @. This relation indicates a positive
correlation between the vertical wavelength 4, and the intrinsic frequency & of the GWs.
Due to the fast-developing nature of the ambient wind and the convective sources, the
GW intrinsic frequency varies significantly with respect to the environmental stability and
the background stratification (Fritts & Alexander, 2003). Hence, the GW propagation
described by the wavenumber (wavelength) also changes accordingly following the GW

dispersion relation.
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Unfortunately, the GW dispersion introduces difficulties in distinguishing different
wavelength/ frequency components in the spectral analysis, especially the GW vertical
wavelength varies with respect to the changing intrinsic frequency during the GW
propagation (Steiner & Kirchengast, 1999). Our work attempts to resolve this obstacle by
identifying various wavelength components and visually presenting the GW wavelength

variation, taking the advantages of the wavelet analysis method that we apply.

2.3 Wind filtering effect

Let us recall Eq. (2.5), which describes the variation of the GW intrinsic frequency with
respect to the background wind direction. To be specific, the variation of the GW intrinsic
frequency depends on the dot product kj, - u,. When the GWSs propagate in a similar
horizontal direction as the background wind, i.e., when kj, - &, is positive, the GW intrinsic
frequency decreases. When the GWs propagate in an opposite horizontal direction to the

background wind, i.e., when k;, - 1, is negative, the GW intrinsic frequency increases.

According to the GW dispersion relation, the variation in the intrinsic frequency also leads
to a corresponding change in the GW vertical wavelength as they are positively correlated
that is, when the GWs propagate along with the horizontal background wind, the vertical
wavelength is shifted towards a shorter value due to the decreasing intrinsic frequency. In
contrast, when the GWSs propagate opposite to the horizontal background wind, the GWs
are refracted to a longer vertical wavelength with an increasing intrinsic frequency

(Cowling et al., 1971).

Such modifications in both frequency and wavelength are described as the background
wind filtering, which is important for studying the weather systems with strong winds

(Mukherjee et al., 2010). Background wind filtering is known to play a key role in filtering
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the GW spectrum that is generated by hurricanes and typhoons (Kim et al., 2009). For
instance, the GWs generated via the pure thermal forcing mechanism are expected to
reveal an isotropic wave field®, but an anisotropic field will be observed with an asymmetric

GW propagation if the background wind filtering is present (Fritts & Alexander, 2003).

T altitude

f Internal
reflection

Background wind

Critical level A
filtering

Heat source East

West

Figure 2.3. Effects of the background wind filtering on gravity waves. Eastward and westward
propagating waves are simulated (black arrows) with varying vertical wavelength (varying arrow
length).

Moreover, background wind filtering is a wave dissipation mechanism after reaching
certain thresholds (Majdzadeh, 2017). As the vertical GW wavelength increases or
decreases, critical wavelength values might be reached as extreme cases of the wind
filtering effect, shown in Fig. 2.3. Assume that a heat source generates the GWs that
propagate both horizontally and vertically with a vertical wavelength 1,, where the

horizontal background wind blows due west over this region.

8 |sotropic wave field indicates that the propagation of the GWs is relatively symmetric in different
directions.
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When the GWs propagate eastward that is, against the horizontal background wind, the
GW vertical wavelength increases as the GWs propagate upward (cf., Fig. 2.3; arrow
length increases). An extreme case may occur when the vertical wavelength 1, grows very
large and the vertical wavenumber m becomes close to zero. Under such circumstances,
the high-frequency (long-vertical wavelength) waves may experience a process called

internal reflection (Sutherland, 1999).

Theoretically, internal reflection occurs at the turning level for the GWs, where the vertical
group velocity changes sign (Fritts & Alexander, 2003). The GWSs vanish above the level
of internal reflection where 4, grows to infinity, which sometimes results in the trapping of

the high-frequency waves at lower altitudes.

When the GWs propagate westward, as in the assumption above that is, they propagate
in the direction of the background wind, the GW vertical wavelength decreases (cf., Fig.
2.3; arrow length deceases). This may lead to another extreme case when the vertical
wavelength 4, shrinks to zero and wavenumber m goes to infinity, which is known as
critical level filtering. The critical level filtering is widely observed for the hurricane-induced
GWs using the numerical simulations, when the simulated GWs propagate in the same

direction as the background wind (Kim & Chun, 2010; Choi et al., 2012; Xu et al., 2019).

For medium-frequency waves, the critical level is defined as the altitude at which the
intrinsic phase speed of the GWs becomes zero. With the presence of the background
wind, the (horizontal) intrinsic phase speed ¢, is defined similar to the intrinsic frequency

® and reads:
éh = Ch —_ |17,h5| , (210)

where c;, is the horizontal phase speed of the GWs and #;,; represents the horizontal wind

in the direction of the GW propagation.
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In other words, the GWSs reach the critical level when ¢, = |u;| is satisfied, or equivalently,
when they propagate slower than the background wind in the horizontal direction.
However, this is slightly different from the true critical level for the low-frequency waves,
where the intrinsic frequency @ approaches f as the vertical wavelength 4, approaches

zero, according to Eq. (2.9).

Similar to the level of internal reflection, the critical level for the GWs is also a theoretical
limit that cannot be reached in reality. Nevertheless, the variation of the GW properties is
very useful to describe the GW behaviours when they approach the theoretical threshold.
Once the critical level is approached, the GWs get trapped at that height and cannot
propagate further upward, eventually the GWs dissipate and deposit their energy to the

background flow (Taylor et al., 1993; Sutherland, 1999; Xu et al., 2019).

The modifications of the GWs caused by the horizontal wind were frequently observed in
recent studies (Kim et al., 2009; Kim & Chun, 2010; Wang et al., 2021). Background wind
filtering is widely applied to explain the differences between the upper-level and the low-
level GW propagation without actual proof of the GW varying process. Our work is at the
forefront of the research in this area in that we explore the variation of the GW propagation
and illustrate the shift of the GW vertical wavelength, verifying the wind-filtering theory as

we will see in Chapter 4 onwards.

2.4 Previous work and motivation

Gravity waves (GWSs) have been considered as one of the most important dynamic
processes that transfer energy and momentum from the lower to upper atmosphere
(Eichinger et al., 2020). Among all the GWs, the small-scale GWs specifically drive the

momentum exchange in the UTLS region (Wright & Banyard, 2020). Some small-
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amplitude GWs can even propagate into the mesosphere and the thermosphere, where
they deposit their energy into the background atmosphere through the wave breaking or

damping (Xu et al., 2019).

The deep convection and the overshooting convection are known to generate small-scale
GWs in the eyewall region and in the rainbands of the hurricanes (Kim et al., 2009; Kim &
Chun, 2010; Maller et al., 2018). These CGWs propagate radially outward, or equivalently,
spirally upward from the convective source that further produce the subsidence® and

warming in the surrounding environment (Lane & Reeder, 2000; Wu et al., 2022).

Many studies have aimed to acquire additional knowledge on the CGW structure and their
propagation patterns. Steiner and Kirchengast (1999) showed that the small to medium
scale GWs excited by the convective phenomena typically have a horizontal wavelength
of 100-1000 km, a vertical wavelength of about 1-10 km and a time period of 10 minutes
to an hour. The scales of the CGWs are relatively consistent in recent studies with some
small disparities that are possibly due to the diverse measuring techniques and the

dissimilar modelling resolution (Kim et al., 2005).

Dutta et al. (2009) suggested that the CGWs are generated via both diabatic forcing and
nonlinear forcing through a complicated mechanism. Hence, the effects of the thermal
forcing on the GW structure have become of great scientific interest (Nicholls et al., 2018).
Beres et al. (2004) concluded that the GW amplitudes were overestimated in the previous
studies by only assuming the presence of the diabatic forcing. As an improvement, they
proposed a method to accurately specify the GW spectra, based on the knowledge of the

latent heat distribution as well as the low-level wind profile (ibid, 2004).

9 Subsidence is the downward motion of an air parcel as it cools and becomes denser.
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In addition, the asymmetric distribution of the thermal forcing that localizes the convection
is also shown to affect the GW structure (Gettelman et al., 2002; DeHart et al., 2014).
Rogers et al. (2016) found that the azimuthal and radial distribution of the deep convection
primarily dictate whether a hurricane would intensify, using Hurricane Edouard (2014) as
a showcase. The intensification of a hurricane in turn affects the associated CGW spectra
(Hoffmann et al., 2018; Wu et al., 2022). Likewise, in our analysis of the hurricane-induced
GWs, we notice that the radial distribution of the convective forcing plays an essential role

in modulating the GW vertical propagation, which will be presented in Chapter 8.

Aside from the thermal forcing, the background wind and the vertical wind shear have
profound effects on the vertically propagating GWs as well. The horizontal wind acts as a
directional filter to modify the GWs through the background wind filtering, or as an
attenuation filter to dissipate the GWs through the critical level filtering (Taylor et al., 1993;
Mukherjee et al., 2010). Alternatively, the vertical wind shear produces asymmetries in the
vertical background flow that also modify the GW spectra (Beres et al., 2002; DeHart et
al., 2014). More discussion of the wind-filtering effects is delivered through the hurricane

case studies which we will see in the following chapters.

The energy density is another important parameter to study the GWs, since the GWs lose
their momentum and energy when they break in the upper atmosphere where the air is
rarefied (Song & Chun, 2004). Zhao et al. (2022) carried out a numerical study of the GW
potential energy density vertical distribution using Lidar measurements, from which they
recommended that the GWs dissipate notably in the lower mesosphere but exhibit
conservative growth in the upper mesosphere. In fact, we also observe an energy loss
during the GW upward propagation (cf., Chapter 8), although we are not able to verify

whether the loss of energy is due to the breaking or dissipation of waves.
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As discussed above, recent studies have notably expanded our understanding of the GWs
which led to an improvement in the GW parametrization However, there remain areas
where further research is required to accurately describe the GW variation and their effects
on the atmosphere. For example, the GWs are hard to detect in the observations due to
the lack of high vertical resolution temperature and density profiles, not to mention the
analysis of the GW variations. Hindley et al. (2015) noticed that the key parameters used
to simulate the GWs are poorly constrained, which results in the discrepancies between
the various modelled results of the hurricane-induced gravity waves (Chen et al., 2012;

Kim et al., 2014; Strelnikova et al., 2021).

Furthermore, the asymmetry in the horizontal and vertical propagation of the GWs with
respect to the source of generation is not fully understood (Nolan, 2020; Wu et al., 2022).
The coupling between the GWs and their convective sources in the lower atmosphere also
remain unclear (Xu et al., 2019). These missing links are key to explain the mutual

interaction between the GWs and their convective sources such as the hurricanes.

All the reasons above highlight the need of high spatial resolution measurements for the
GW perturbations as well as a deeper understanding of the CGW generation mechanisms.
We therefore aim to study the small-scale GWs induced by hurricanes with focus on the
behaviours of different wave-generating mechanisms, in order to investigate the coupling
between the GWs and the convective environment. We attempt to achieve this goal by
analyzing the spectral properties of the hurricane-induced GWs as well as the variations

of such properties with respect to the hurricane intensity.

Specifically, we use the high vertical resolution GPS-RO measurements that are essential
in resolving the small-scale GWs and their vertical variations in the UTLS region, which
cannot be provided by coarse vertical resolution measurements, such as the infrared (IR)
and the microwave (MW) sounders (Foelsche et al., 2008).
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In this thesis, we succeed to simulate the convective regimes of the hurricanes and their
variations with respect to the hurricane intensity. We also seek to connect the hurricane-
induced GWs with their corresponding wave generation mechanisms. Hence, our work
provides the hypothesis to deduce or predict the hurricane intensity by simply identifying

the typical spectral properties for certain GWs.

By understanding the coupling between the hurricanes and their associated GWs, we can
better interpret the energy and momentum exchange in the UTLS region for strong
convective systems (Nolan, 2007; Wright & Banyard, 2020). This knowledge is beneficial
for improving the hurricane cyclogenesis models and will significantly help the small-scale

GW parametrization in the global circulation models (Choi et al., 2012; Xu et al., 2019).
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Chapter3

Extraction and Analysis of

Wave-induced Perturbations

To study the small-scale vertical variations of the GWs in the atmosphere, we use the
temperature retrievals from the Global Positioning System — Radio Occultation (GPS-RO)
technique. A detailed introduction of the GPS-RO technique will be given in this chapter

as well as its data retrieval process.

The study of the hurricane-induced GWs is carried out through the analysis of the wave-
induced perturbations, which are formatted as individual vertical profiles. In this chapter,
we present the methodology that we follow to extract the temperature perturbations from
the RO temperature retrievals and the wind perturbations from the ERAS reanalysis
dataset. We also discuss the least squares spectral analysis and wavelet analysis
methods that we apply on the extracted temperature perturbations to report the important

GW characteristics.

3.1 Introduction to GPS - Radio Occultations

The GPS-RO is a space-based observing platform that measures the Earth’s limb, using
the GPS (and now the GNSS) satellites that emit dual-frequency radio signals (about 1.2
GHz and 1.5 GHz) and the low Earth orbiting satellites (LEO) that capture radio signals
during the occultation event (Vergados et al., 2013). As the radio signals travel through
the Earth’s atmosphere, they bend due to the changing refractivity caused by the changing
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atmospheric air density (Healy, 2017). The concept of GPS-RO is illustrated in Fig. 3.1.

However, the GPS receivers onboard LEO satellites do not directly measure the amount
of the signal bending. Phase delays at two GPS frequencies are the basic measurements
of the RO technique (Foelsche et al., 2008). With the recorded phase delays of the
receiving radio signals, a term called the straight-line path delay is first subtracted. The
straight-line path delay is defined as the phase delay that would have been measured with
the absence of the Earth’s atmosphere, where the radio signals travel with a straight-line
path (Healy, 2017). Clearly, the GPS-RO requires the determination of precise orbits for

both the GPS and LEO satellites to derive the straight-line distance between the two.

Tangent point

GPS Satellite LEO Satellite

Figure 3.1. Diagram of GPS-RO technique where GPS signals are bent over the horizon (Hand,
2015). lllustrations of the tangent point and the bending angle « are also shown.

After subtracting the straight-line path delay, the remaining term is called the excess phase
delay (Vergados et al., 2014). The kinematic Doppler effect is then removed with respect
to the positions and velocities of the satellites. The frequency-dependent ionospheric
effect is also removed using a linear combination of the RO measurements at two GPS
frequencies. The leftover phase delay is then considered to be caused by the refractivity

in the neutral atmosphere'® (Foelsche et al., 2008).

10 Neutral atmosphere refers to the nonionized component of the atmosphere below the ionosphere.
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The amount of the radio signal bending, namely the bending angle «, can be derived from
the leftover phase delay. The bending angle is usually about 1-2 degree(s) near the Earth’s
surface when the signal path traverses the low atmospheric layers (near the planetary
boundary layer), which then falls exponentially as altitude increases (Healy, 2007). In a
spherically symmetric atmosphere, the bending angle is related to the refractivity index n
via the Abel transform (COSMIC Project Office, 2005). Given the scope of this study, we

do not provide more details for the derivation of the refractivity index.

Based on Snell's law of refraction (Chartier, 2005), the refractive index n of the
atmosphere is related to the atmospheric pressure p, temperature T and water vapour
pressure e (Not to confuse it with the numerical constant e, here e is used to keep
consistency with the literature). The refractivity of the atmosphere N, is given by (Smith &

Weintraub, 1953)2

When the water vapour is negligible that is, the ‘dry condition’ is assumed and the second
term on the right-hand side (RHS) of Eq. (3.1) becomes zero (Foelsche et al., 2008).
Under dry condition, the refractive index n is directly proportional to the ratio of pressure
and temperature, which is the air density as stated by the ideal gas law (Hewitt & Jackson,
2003). After retrieving the air density, pressure p can be derived through the hydrostatic
integration, and temperature T can also be calculated using the ideal gas law (Healy,

2017).

When the water vapour cannot be neglected, for example in the lower troposphere,
additional information on the atmospheric humidity is needed to derive the water vapour

and the corresponding temperature (Foelsche et al., 2008; Vergados et al., 2014).
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In short, as the LEO satellite moves relative to the GPS satellite on the other side of the
Earth (cf., Fig. 3.2), a time series of the phase delay is obtained during the occultation
event that lasts about 1-2 minute(s), which can be converted to a vertical profile of bending
angles (Healy, 2017). Following the retrieval process, high vertical resolution profiles of

the thermodynamic variables can be produced.

.Tangent points
l...~.

GPS
direction of motion

LEO
direction of motion

Figure 3.2. Diagram of GPS-RO with tangent points along the signal path (not to scale). The
retrieved ‘vertical’ profile is illustrated with the blue dashed line that connects the tangent points.

As illustrated in Fig. 3.1 and Fig. 3.2, the tangent (perigee) point of the GPS-RO defines
the closest approach of the signal path to the Earth, which usually drifts about 200km
horizontally during an occultation event (Healy, 2007). The information at the tangent point
describes the mean state of the atmosphere that is averaged over a horizontal distance

along the signal path, with a peak weight at the tangent point (Vergados et al., 2014).

For a retrieved profile of the thermodynamic variables, a reference tangent point location
is assigned for the corresponding occultation event, despite the fact that the true tangent
points exhibit a horizontally-drifted trajectory. This reference location is referred to as the
mean tangent point or the occultation tangent point, which is defined with respect to the

straight-line path between the GPS satellite and the LEO satellite when it is tangent to the
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Earth’s surface (Innerkofler, 2023). To avoid confusion, we refer to the mean tangent point

of an RO profile as the occultation tangent point.

The GPS-RO profiles have the advantages of high vertical resolution (<1km), high
accuracy of temperature retrieval (<1K), all-weather capability and the global coverage
(Steiner & Kirchengast, 1999). The available altitude of the RO profiles is usually below
40km altitude, since the ionospheric effects possibly exceed the phase delays above 40km
altitude (Tsuda et al., 2011). The highest quality of the RO temperature retrievals is
reported at 8-35 km altitude, with an estimated temperature retrieval accuracy of about

0.2-0.5K (Hajj et al., 2004; Foelsche et al., 2008).

Vergados et al. (2014) utilized the cloud-penetrating (all-weather) capability of the RO
technique to estimate the intensity of hurricanes using the temperature retrievals from the
GPS-RO. These high-resolution retrievals provide useful thermodynamic parameters in
the eyewall region that exhibit the hurricane characteristics. Likewise, Hindley et al. (2015)
used the dry temperature retrievals from the RO technique to explain the properties of

GWs in a ‘hot-spot’ region where intense gravity wave momentum fluxes are observed.

Hence, the GPS-RO technique is suitable for monitoring atmospheric changes especially
in the UTLS region, which provides a detailed view of the vertical temperature variations
in the lower atmosphere (Khaykin et al., 2017). In this thesis, we use the RO temperature

retrievals as the primary source for analyzing the hurricane-induced GWs.

3.2 Wave-induced temperature perturbations

In this study, we use the level 2 data from the Constellation Observing System for
Meteorology lonosphere and Climate (COSMIC) mission, which provides the retrieved

atmospheric profiles that are derived from the binary instrument data. COSMIC mission
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has a distinctive feature that tracks the atmospheric occultations in an open-loop (OL)
mode", which effectively reduces the RO inversion biases and is valuable for detecting

the moisture variations in the lower troposphere (Ao et al., 2009; Kishore et al., 2011).

Specifically, we use the temperature retrievals with moisture information included from
COSMIC 1 mission, namely the wetprf profiles. These temperature retrievals are formatted
with a uniform vertical spacing of 0.1km that are available from the surface to 39.9km
altitude. The coordinates of the occultation tangent points for the retrievals are used to
locate each individual profile relative to the hurricane eye, while the eye information and

the best track of the hurricane’s path are provided by the National Hurricane Center (NHC).

Following Ehard et al. (2015), the gravity wave-induced temperature perturbation T'(z)
can be obtained by subtracting a background temperature profile T, (z) from an individual

temperature profile T(z) as:
T'(z) =T(2) — To(2), (3.2)

where the temperature profiles are functions of altitude z only. Since RO temperature
retrievals are provided in the format of a data series as function of altitude, we do not

consider the time-dependent variations of the GWs within the scope of this study.

The individual temperature profile T(z) is selected as the temperature retrieval that is
located in the eyewall region or in the rainband region of the hurricanes, which exhibits
the hurricane-related characteristics in the region of interest. To study the hurricane
activities in the eyewall region, T(z) is selected with a radial distance of 25-110km from
the hurricane eye, with a time gap of less than 3 hours from the passage of the hurricane

(cf., Fig. 3.3). Given an average eyewall diameter of 20-50km, the selected individual

" The open-loop tracking is independent of the feedback process where the reference signal is
assumed based on the precise knowledge of the satellite orbits and the receiver clock drift.
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eyewall profile is considered to fall in the vicinity of the eyewall region and reveals the

eyewall characteristics (Vergados et al., 2014).
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Figure 3.3. Diagram of the temperature retrieval selection? for the eyewall (blue triangle) and the
rainband region (orange triangle).

For each selected eyewall profile, we also select a rainband temperature profile on the
same azimuth with a larger radial distance from the eye (200-600km) and the nearest
recorded time, as shown in Fig. 3.3. We consider the eyewall and rainband temperature
profiles on the same azimuth reflecting the nearly same-time thermodynamic states in the

atmosphere, but showing different thermal forcing as the radial distances differ.

The background temperature profile Ty(z) in Eq. (3.2) aims to cover any large-scale
atmospheric effects, such as the radiative heating and the planetary tides, except for the
GWs. After removing the background atmospheric effects T, (z) from the hurricane related
characteristics T (z), the residual perturbation T'(z) is then assumed to be purely induced
by the GWs (Ehard et al., 2015). Obviously, the precise determination of the background

profile is essential to exclude the GW-induced perturbations to the greatest extent.

2 This is only an illustration and is not subject to the real horizontal scale or location.
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A common way to determine the background profile is by using the moving average of the
temperature profiles over a time window (Ehard et al., 2015; Mdller et al., 2018). Lu et al.
(2015) constructed a monthly mean background profile while Rauthe et al. (2008) used a
nightly mean background profile to calculate the altitude-dependent temperature
fluctuations. The time window width for computing the moving average should be larger
than the timescales of the wave-induced variations. Therefore, the phenomena with
timescales larger than the time window would contribute to the background profile through

the averaging.

To construct our background temperature profile, we select an undisturbed period before
the hurricane occurrence as the time window for averaging, which is about 3-4 days.
During the undisturbed period, all temperature retrievals that are located within a 600km
radius from the hurricane eye are selected, aiming to cover any local effects of the
temperature variations in the atmosphere. The background profile T, (z) is then obtained
by averaging all the selected profiles, which represents the mean state of the undisturbed

atmosphere when no hurricane is present.

We have examined a longer time window of about 4-8 days to compute the moving
average. We have also considered constructing the background profile through a
weighted-mean method, where the weight of each profile inversely correlates with the
radial distance from the eye. Nevertheless, we find that by applying either the long
averaging window or the weighted-mean method, the background temperature profile
remains almost unchanged. The difference in the background profiles that are constructed

using different methods is up to 0.1K, which we consider as negligible.

The validity of using 600km as the spatial limit for temperature profile selection has also

been tested. According to our analysis, the correlation coefficient between any two vertical
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temperature profiles is higher than 0.99 within a distance of 3500km, which reaches a
value of 0.995 when the distance becomes less than 600km. We therefore assume that
the vertical atmospheric temperature variations are independent of the spatial locations
within a 600km distance from the location of observation. This assumption possibly fails if
the investigated region exceeds a larger horizontal coverage, i.e., a distance more than

3500km.

However, we want to point out that the vertical RO profiles follow a 3D curved path (cf.,
Fig. 3.2), which bends from the surface aloft during an occultation event due to the
horizontal drift of the true tangent points. As a result, the GWs are likely to penetrate the
retrieved path since they propagate both horizontally and vertically, i.e., they possibly
propagate in and out of the curved signal path. Hence, we consider the GWs exhibited by
the vertical temperature profiles (or perturbations) as a statistical ensemble, following the

assumption of Rauthe et al. (2008).

In addition, we consider the GWs extracted from the 3-4 day averaging window are
induced by the convective systems (hurricanes) only and do not include the Planetary
Kelvin waves'® or the Rossby waves™. These two types of waves have similar vertical
wavelength scales compared to the CGWs, which are not easy to distinguish in the
spectral analysis results. However, they have much longer periods of about 5-20 days,
which are longer than the averaging window and should contribute to the background

temperature profile (Steiner & Kirchengast, 1999).

3 Atmospheric Kelvin waves are non-dispersive waves that balance the Coriolis force against a
topographic boundary such as a coastline.

14 Atmospheric Rossby waves are inertial waves that occur in the rotating fluids as a result of the
potential vorticity conservation.
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After obtaining the GW-induced temperature perturbation T’ (z) that is generated through
convection, the spectral analysis and wavelet analysis can be applied. Strelnikova et al.
(2021) applied a high-pass filter on the temperature perturbation T'(z) that was extracted
from lidar measurements. Specifically, they used the fifth-order Butterworth filter with a
cut-off wavelength of 15km and a cut-off period of 8h. The purpose of this high-pass
filtering was to keep only the short wavelength and short periods waves (Strelnikova et al.,

2021).

In our analysis however, we do not apply any filtering in either the space or time domain
so that we can observe all the GWs that are induced by the hurricanes. Besides, a high-
pass filter can generate undesirable effects in the spectral results. For example, the power
of some waves possibly increases for those that have a wavelength close to the cut-off
wavelength. Since we keep both the long-wavelength and the short-wavelength
components, the identification of different bands of waves becomes essential in this

research.

3.3 Wave-induced vertical wind perturbations

In addition to the temperature perturbations, the GWs can also be studied through the
wave-induced perturbations of vertical wind velocity. We use the wind data from the
European Center for Medium-Range Weather Forecasts (ECMWF) system, which
provides hourly data from 1950 to present and covers an altitude range from 0.1km to
32.4km (or in pressure levels as 1000hPa to 1hPa). Specifically, we use the fifth
generation of ECMWF reanalysis dataset (ERA5) that has 37 vertical pressure levels and
a horizontal spacing of 0.25° x 0.25° (Aragdo, & Porcu, 2022). The fine horizontal
resolution of the ERA5 dataset is able to offset the spare horizontal resolution of the RO

retrievals.
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According to Aragao, & Porcu (2022), the ERA5 dataset interpolates the atmospheric data
onto different vertical pressure levels over the globe, by using the combination of the
modelled results and the observations based on physics laws. ERA5 has a notably higher
spatial and temporal resolution as well as higher data quality compared to its previous
versions. These advantages lead to an improved performance of ERAS in describing the
atmosphere, especially in representing the gravity wave drag'® through the variations of

the horizontal wind and the air density (Hersbach et al., 2020).

For our research purposes, we use the eastward (z > 0) and the northward (7 > 0)
horizontal wind components from the ERA5 dataset to compute the horizontal wind
velocity i, at different altitude levels. Following Choi et al. (2009), the horizontal wind

direction can be calculated as an angle ¢ that measures counterclockwise from the east:
@ = arctan(v/u). (3.3)

To keep consistency with the definition of azimuth, we convert the angle ¢ to the azimuthal
angle a that measures clockwise relative to the north'®. Hence, we refer to the azimuthal
direction to describe both the horizontal wind direction and the RO profile location relative

to the hurricane eye.

In addition, we also use the vertical air speed w from the ERA5 dataset that indicates the
upward (w < 0) or the downward (w > 0) motion of the air'” which is given in Pascal per
second (Pa/s). The vertical air speed perturbation is very useful in describing the GW

propagation pattern (Pahlavan et al., 2022). For example, Chen et al. (2012)

15 Gravity wave drag is a zonal body force generated from the dissipation of the GWs.

8 The determination of angle ¢ follows the trigonometric definition while its conversion to azimuth
a follows the geodetic definition.

17 Direction of air motion is defined in accordance with the ERA5 dataset and the sign of vertical
wavenumber (Upward propagating waves have negative vertical wavenumbers).
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demonstrated the spatial structure of the stratospheric GWs induced by Typhoon Matsa
(2005), using the vertical wind velocity perturbation w' that illustrates a typical curve-like
wave front. Similarly, we extract the vertical air speed perturbation w' at different altitude
levels to reflect the horizontal propagation of the GWs in the x — y plane (longitude-latitude)

following:
w'(lon, lat, z,t) = w(lon, lat, z, t) — wy(lon, lat, z). (3.4)

In this thesis, we conduct wind perturbation analysis at three altitude levels that can
roughly represent the upper troposphere (10km), the tropopause (15km) and the lower
stratosphere (25km). For each altitude z, we calculate a mean vertical air speed
wo(lon, lat,z) by averaging 24 hourly measurements within one day, which aims to

represent the averaged vertical air motion at this altitude.

We use a shorter averaging period of 24 hours for wind data, since the wind structure
changes much more rapidly than the variation of the atmospheric temperature.
Furthermore, the wind propagation during the passage of a hurricane is far different
compared to an undisturbed day. As a result, we use the vertical air speed data with the
presence of a hurricane to calculate the mean vertical air speed, rather than from an

undisturbed period as we did to construct the background temperature profile.

For each altitude of interest, the vertical air speed perturbation w'(lon, lat, z,t) can be
obtained by subtracting the 1-day averaged, mean vertical air speed w, (lon, lat, z) from
the hourly data w (lon, lat, z, t). The extracted perturbation w’ is assumed to reflect the
hurricane-induced GWs only. For simplicity, we will use the term vertical wind perturbation

instead of the vertical air speed perturbation.

Although we closely follow Chen et al. (2012) to extract the vertical wind perturbations that

are induced by the hurricanes, we choose to construct the mean vertical air speed w,
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using daily averages, while Chen et al. (2012) produced the mean state w, over the time
period of Matsa’s tropical storm stage. Besides, our mean vertical air speed is individually
conducted for each altitude considering that the vertical wind perturbations vary with
heights, since the hurricane-induced GWs are assumed to propagate primarily in the

vertical rather than in the horizontal direction (Wu et al., 2022).

Furthermore, our work provides the potential to deduce the 3D propagation pattern of the
GWs. With the analysis of the vertical wind perturbations at different altitudes, we are able
to simulate the horizontal GW propagation at each altitude and compare those among
various heights. The time evolution of the GW propagation is also possible to predict, as
the ERAS5 dataset provides the vertical air speed as an hourly variation. This knowledge

can possibly lead to a significant development in the parametrization of the CGWs.

3.4 Least squares spectral analysis and wavelet analyses

To study the spectral characteristics of the GWs induced by hurricanes, we apply a
weighted spectral analysis of the temperature perturbation profiles following the least-

squares approach.

In spectral analysis, a time series is a non-deterministic function of an independent
variable of time (Jenkins & Watts, 1968). Sometimes it can also be a random function of
space, which we refer to as a data series. The statistical properties of a stationary time
(data) series, such as the mean and the variance, do not change with time (space); while
a non-stationary time (data) series has at least one statistical property that is time- (space-)

dependent (Ghaderpour & Pagiatakis, 2017).

The least-squares spectral analysis (LSSA) is an alternative method to the classical

Fourier spectral analysis, which can analyze both stationary and the non-stationary time
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or data series. The least-squares approach allows the analysis of a time (data) series that
is unequally spaced, unequally weighted and /or with gaps and shifts (Pagiatakis, 1999;

Ghaderpour et al., 2018).

Pagiatakis (1999) provided a detailed description of the LSSA method. The LSSA fits
sinusoids to the data series within the spectral band of interest and estimates the spectrum
based on the least-squares fitted coefficients (see Appendix A). Trends and the datum
shifts (offsets) present in the data series can be parametrized as well. The LSSA also
determines a threshold value at the 95% or 99% confidence level above which the least-
squares spectral peaks are statistically significant (Pagiatakis, 1999). From the output
results of LSSA, we are able to report amplitude and phase information for each significant
spectral component. This is a major improvement of this work compared to the previous
spectral analysis results of the GWs (Kuester et al., 2008; Kim et al., 2014; Wang et al.,

2021).

The least-squares wavelet analysis (LSWA) method is based on the LSSA method
expanded to the time-frequency or the space-wavenumber domain, depending on the type
of the input series. The LSWA is capable of analyzing unequally spaced and unequally
weighted series with trends and offsets just as the LSSA, by decomposing the input series
into small segments with a designed window size. In addition, it is also capable of
computing a spectrogram through the least-squares approach, which describes the
variation of the spectral peaks over time or space (Ghaderpour et al., 2018). Similar to the
LSSA, we are also able to plot the statistical threshold for the spectrogram that is a
stochastic surface above which the spectral peaks are significant at the 95% or 99%

confidence level.

As mentioned, the main outputs from LSSA and LSWA are the spectrum and the
spectrogram, respectively. The spectrum describes the power distribution of the
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frequencies or wavenumbers that compose the total input signal. The spectrogram further
illustrates the changes of the signal amplitude (or power) in the time-frequency (or space-
wavenumber) domain. The power (square of the signal amplitude) of each spectral peak
is usually expressed in percentage variance, which represents the contribution of the
sinusoids of a specific frequency or wavenumber in the input signal (Ghaderpour &
Pagiatakis, 2017). The power distribution can also be converted into the power spectral

density (PSD) following Pagiatakis (1999):

where s is the least-squares spectrum of the input signal in percentage variance and the

PSD is expressed in decibels (dB).

Our work uses python software JUST (Ghaderpour, 2021) that applies the LSSA method
and the MATLAB software LSWAVE (Ghaderpour & Pagiatakis, 2019) that implements the
LSWA method. According to our research purposes, the spectrogram of our input data
series records the vertical propagation of the GWs and presents the GW vertical
wavelength variation with respect to altitude. This is an innovation of this work as for the
first time, we are able to visually illustrate the changes of the GW vertical wavelength with

respect to the varying background wind.

Prior to the spectral analysis process, we first apply a data window on the temperature
perturbation profile T'(z) following the approach of Hindley et al. (2015). The data window
attenuates (tapers) the perturbation below 5km and above 30km, with a 2km linear taper
at both ends. The purpose of the windowing is to focus on the UTLS region where the RO

retrievals have the highest accuracy, since the temperature retrievals are contaminated at
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the surface and in the upper stratosphere due to the signal multi-path'® and the super

refraction'® (Foelsche et al., 2008).

The windowed temperature perturbation profile is then used as the input series for the
spectral analysis. The input series is analyzed in the altitude-wavenumber domain, which
is converted into the altitude-wavelength domain for convenience. The sampling interval
of the input series, namely the vertical spacing of the temperature perturbation profiles, is
0.1km. With this sampling interval, we are able to search for GWs with a vertical
wavenumber of up to 5km™". This wide spectral bandwidth cannot be provided by other
observing techniques, given the high vertical resolution of RO temperature retrievals (Choi

et al., 2009; Vergados et al., 2014).

We then supress (remove) the linear trend of the input series through LSSA and focus on
a wavenumber range of 0.01-0.6 km™ (corresponds to a vertical wavelength range of 1.6-
100km). This range covers the wavenumber band of almost all hurricane-induced GWs

according to the existing literature, which also provides an optimal spectral resolution.

As we discussed previously, the input temperature series to LSSA and LSWA is an equally
weighted, equally spaced data series over space (altitude). The weight of the input series
equals the inverse of the temperature perturbation variance, where the variance o2 (T'(z))

is calculated as:
0?(T'(2)) = 0*(T(2)) + 0*(To(2)) + 2 - 0(T(2)) - a(To(2)) * pr1,- (3.6)

The individual temperature profile T(z) reflects the atmosphere during the hurricane, while

the background temperature profile T,(z) represents the normal or the undisturbed state

18 Singal multi-path refers to the phenomenon that the radio signals travel to the receiving antenna
through two or more paths.

19 Super refraction indicates that the atmospheric refractivity gradient is well below the standard
(the standard refractivity gradient reports a value of -79 to 0 N/km).
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of the atmosphere. Hence, we consider the variables T and T, statistically independent at

each altitude z. Accordingly, the covariance term in Eq. (3.6) is ignored.

The variance of the individual temperature profile T(z) equals the square of the RO
temperature retrieval accuracy AT, which we consider as constant of 0.3K following

Hindley et al. (2015):
0%(T(2)) = AT?. (3.7)
Similarly, the variance of the background temperature profile reads:

AT?

a%(To(2)) = N (3.8)

where N,,,, is the number of the undisturbed temperature profiles that are averaged to

construct the background profile T,(z). Hence, Eq. (3.6) becomes:

2

AT
a?(T'(2)) = AT? + N

un

(3.9)

By formulating the variance o2 (T'(z)) and the weight of the input series, we are able to
calculate the variance of the amplitude and phase for each of the significant spectral peaks.
The calculation of amplitude and phase variance is uniquely offered by the LSSA and

LSWA, which significantly supports the validity of the spectral results.
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Chapter 4

Gravity Waves Generated by Hurricane Dean (2007)

In this chapter, we carry out a detailed analysis to study the GW characteristics in the

eyewall region of Hurricane Dean, following the methodology presented in Chapter 3.

Hurricane Dean is a classic Cape Verde cyclone in the Atlantic Ocean. It originated from
a tropical wave on Aug. 11, 2007, crossed the west coast of Africa and was associated
with a closed surface low pressure center and a strong easterly shear. The tropical storm
then connected to the deep convection and moved westward, with a gradually decreasing
easterly shear. It actually became a hurricane on Aug. 16, 2007, with the formation of a

partial eyewall and a clear structure of the eye (Franklin, 2008).
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FEIRIREN B, Figure 4.1. Best track of Hurricane Dean during Aug. 13-23, 2007. Locations of
the temperature retrievals on Aug. 18 in the eyewall region (blue triangle) and in the rainband region
(orange triangle) are shown.
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Dean intensified quickly as it entered the Caribbean Sea and became a Category 5
hurricane on Aug. 21 over the Saffir-Simpson Hurricane Wind Scale. It weakened rapidly
after its landfall and eventually became a depression that dissipated on Aug. 23. Dean is
the first land-falling Category 5 hurricane in the central Atlantic Ocean since 1992, which

was responsible for 32 deaths (ibid., 2008).

Figure 4.1 illustrates the best track of Hurricane Dean during Aug. 13-23, 2007 over the
Atlantic Ocean. The locations (occultation tangent points) of the selected temperature
retrievals in the eyewall region and the rainband region are marked with the blue and
yellow triangles, respectively. The discussion of the thermodynamics and the GWs in the

rainband region is presented in Chapters 8 and 9.

4.1 Eyewall temperature perturbations and thermodynamics

Based on our thresholds, only one temperature retrieval in the eyewall matches both the
temporal and the spatial criterion. This retrieval was recorded at 0:11 UTC on Aug. 18,
2007, with a radial distance of 87km from the eye location?. Figure 4.2 illustrates the
temperature profiles as well as the background temperature profile specifically

constructed for Dean.

The background temperature profile T,(z) within the region of Hurricane Dean exhibits a
temperature minimum at about 16-17km altitude (Fig. 4.2a), indicating the altitude of the
tropopause when the atmosphere is not disturbed by the hurricane. Different from the
background profile, the individual temperature profile T(z) inside the eyewall exhibits two
local temperature minima around this altitude with a temperature inversion between (Fig.

4.2a; shown in the black dashed frame), which displays as a double tropopause.

20 Eye location was recorded by National Hurricane Center at 0:00 UTC on Aug. 18, 2007.
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Figure 4.2. Temperature profiles from the RO retrieval at 0:11 UTC on Aug. 18, 2007 inside the
eyewall region: (a) the background temperature profile T, (z) (black) and the retrieved temperature
profile T(z) inside eyewall (red), (b) the temperature perturbation profile T'(z) (blue) and a tapered
lag window (grey dashed) and (c) the windowed temperature perturbation profile T'(z).

Vergados et al. (2014) observed a similar feature inside the eyewall for a few different
hurricanes, such as Hurricane Vamco (2009, Category 4) and Hurricane Sepat (2007,
Category 5), also using the vertical temperature profiles from the GPS-RO retrievals. Our
analysis follows their criterion of locating the eyewall region and also uses the RO
retrievals for the hurricanes with about the same intensity, which strongly verifies the

existence of the double tropopause feature in the eyewall.

An enlarged view of the eyewall temperature perturbations is provided by the extracted
temperature perturbation T'(z) in Fig. 4.2b, while the windowed perturbation in Fig. 4.2c
further focuses on the features presented in the UTLS region (5-30km altitude). First of all,
there is a significant temperature anomaly of about -5°C at 7km altitude (cf., Fig 4.2c),
which demonstrates the entrainment of cold air into a warm environment due to the

boundary layer convergence.
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In addition, as we observe in Fig. 4.2c, the double-tropopause feature displays as a
temperature inversion located between the two temperature minima. Specifically, the local
temperature minima produce temperature anomalies of about -2°C at 15km altitude and
about -5°C at 18-19km altitude (marked with purple arrows), while the temperature
inversion at 16km has a magnitude of 5°C (orange arrow). This temperature inversion
results from the strong updrafts in the eyewall, suggesting the existence of deep

convection (Vergados et al., 2014).

According to Yano (2021), deep convection lifts the warm, moist air parcels upward with
a release of latent heat that provides a positive buoyancy through their ascent. As the air
parcel rises, it expands adiabatically due to the decreasing pressure and experiences a
temperature decrease. The decrease in temperature results in the condensation of the
water vapour, where the release of latent heat again produces a positive buoyancy and
the air parcel further rises. Eventually, the air parcel temperature drops to a value below
or equal to the surrounding temperature. At that level, the air parcel reaches its equilibrium

and oscillates around that level (Yano, 2021).

Based on the temperature perturbation presented in Fig. 4.2c, when the ascending warm
air parcels in the eyewall reach an altitude of 15-16km, they possibly reach the equilibrium
and oscillate around 16km, or sink back. Compared to the undisturbed period (shown as
Ty (2)), this equilibrium level is slightly higher in altitude, since the warm air parcels carry
larger momentum due to the latent heat release and the boundary layer convergence. As
a result, we observe a strong temperature inversion above the temperature minimum at

15km altitude.

Moreover, if the air parcels ascend fast enough, they retain their momentum and are even

able to overcome this equilibrium. When the air parcels overshoot upward, they enter a
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colder environment as shown by the temperature minimum at 18-19km. This environment

offers the conditions for the air parcels to further ascend and enter the lower stratosphere.

We believe that a small portion of the ascending air overcomes the equilibrium and rises
freely from 15-16km altitude in the eyewall, which in turn generates the small temperature
inversions at 19km and above, as framed by the orange rectangle (Fig. 4.2c). This
observation of the stratospheric perturbations verifies the overshooting convection
mechanism, which is considered to excite the small-scale vertically propagating GWs in

the lower stratosphere (Stull, 1976).

We therefore consider that the double-tropopause structure provides favourable
conditions for the overshooting convection. We want to point out that the eyewall region
of a hurricane does not necessarily exhibit the double-tropopause feature and the feature
itself does not guarantee the occurrence of the overshooting convection. However, it is
highly possible that the intense hurricanes reveal such characteristics due to the strength

of the deep convection and the amount of the latent heat release.

4.2 Spectral analysis of the GW characteristics and variations

The spectral result of the wave-induced temperature perturbation in the eyewall is then
analyzed in accordance with the background wind conditions. Figure 4.3a presents a
vertical profile of the horizontal wind speed in the vicinity of the eyewall at 0:00 UTC on

Aug. 18, 2007, when the eyewall temperature retrieval was recorded.

In Fig. 4.3a, we observe a local maximum of the horizontal wind speed at 14-15km altitude,
which is associated with the strong outflow at the flat top of Dean. This result explains the
negative temperature perturbation at 15km altitude shown in Fig. 4.2c, which also

suggests that the air parcels carry large angular momentum at this altitude.
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Figure 4.3. (a) Vertical profile of the horizontal background wind speed from ERAS5 dataset at 0:00
UTC on Aug. 18, 2007 inside the eyewall region and (b) the normalized least squares spectrogram
of the windowed temperature perturbation T'(z) inside the eyewall.

Figure 4.3b shows the least squares altitude-wavelength spectrogram of the windowed
temperature perturbation T'(z). In Fig. 4.3b, we observe a wave near the Earth surface
level with a vertical wavelength of 3-7km as denotated by the white arrow, which vanishes
just below 20km altitude. Given its long vertical wavelength, we believe this wave

component is generated via the pure thermal forcing mechanism.

In addition, the power of this wave is the highest at the Earth surface, which gradually
decreases and reaches its minimum at about 12km altitude. At 12km altitude, only the
component with 1, = 3-4km survives. This wave then grows in power during its upward

propagation above 12km and the vertical wavelength attains a wider range of 3-7km again.
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The vertical wavelength of this wave agrees with the CGW vertical scale that was reported
by the previous studies of about 4-8km (Shi et al., 2021; Wang et al., 2021). However, the
wavelength variation during the GW vertical propagation has not been discussed before.
Hence, we aim to connect such GW variations with the wave generation mechanisms that

were introduced in Chapter 2.

The eyewall temperature retrieval bends from the surface aloft in the southwest direction.
We consider that the GWs revealed by this retrieval propagate in the same horizontal
direction (SW) and vertically upward. The horizontal background wind over this region
blows westward in the upper troposphere and above (not shown). As it turns out, the GWs
revealed by this temperature retrieval propagate in a similar horizontal direction as the

horizontal background wind.

The pure thermal forcing mechanism generates the long vertical wavelength, high power
component at the surface. According to the GW dispersion relation (Eq. (2.8)), this
component is also a high-frequency wave, namely the primary wave. Since the primary
wave propagates along with the background wind, it experiences a Doppler-shift towards
a shorter vertical wavelength as a result of the background wind filtering. The decrease in
the vertical wavelength is most significant at 14-15km for this primary wave, where the

background wind is the strongest with a value exceeding 30m/s.

At about 14-15km, overshooting convection starts to excite the vertically propagating GWs
as demonstrated by the temperature inversion in Fig. 4.2c. Therefore, the power of the
primary wave increases again due to the GW generation via the overshooting convection,
as marked by the red arrow in Fig. 4.3b. The increase in power at 14-15km altitude in fact

reflects the superposition of the GWs with multiple sources (Krisch et al., 2020).
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There are also a few GW components with a short vertical wavelength above 20km
altitude, namely the secondary waves that are circled with red lines (cf., Fig. 4.3b). We
believe these components are possibly generated by the overshooting convection as well,
which correspond to the small-magnitude stratospheric temperature perturbations at 20-

30km altitude in the temperature perturbation profile (cf., Fig. 4.2c).

In short, we consider that the GWSs observed in the UTLS region during the occurrence of
Hurricane Dean are generated by both the pure thermal forcing mechanism and the
overshooting convection. The pure thermal forcing dominates near the Earth surface level
and generates a primary wave that experiences the background wind filtering. Based on
our results, the overshooting convection dominates above the tropopause and produces
some secondary waves. Although the background wind filtering is commonly observed in
the hurricane-induced GWs (Kim & Chun, 2010; Wang et al., 2021), the GWs generated

via the overshooting convection have not been previously revealed.

4.3 Vertical wind perturbations and the GW propagations

To further study the propagation of the GWs generated by Hurricane Dean, we extract the
vertical wind perturbations at 0:00 and 2:00 UTC on Aug. 18, 2007. These perturbations
are extracted at certain altitudes within the disturbed region of Dean, with a time interval
(0:00-2:00 UTC) that covers the recorded time of the eyewall temperature retrieval (0:11

UTC), aiming to reflect the GW characteristics at a larger horizontal scale.

Figure 4.4 presents the vertical wind perturbations at three altitude levels. In the upper
troposphere (Fig. 4.4e-f), the GWs generated by Dean display several tails that spread
spirally outward in the anticlockwise direction (indicated by the black arrows), with a

maximum power located north of the eye.
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Figure 4.4. Vertical wind perturbation w’ with the best track of Hurricane Dean (black): (a)-(b) at
25km altitude, (c)-(d) at 15km altitude and (e)-(f) at 10km altitude. The blue triangle denotes the
recorded eye location at 0:00 UTC and the black arrows indicate the propagation direction of GWs.
Left and right columns are captured at 0:00 and 2:00 UTC on Aug. 18, respectively.
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The maximum power of the perturbations at this altitude (10km in the upper troposphere)
has a negative value that indicates an upward air motion. Among the spreading tails, the
tails on the east seem to prevail. The GW spiral propagation from the hurricane center in
an anticlockwise direction verifies the similar findings of Wu et al. (2022) for the GWs

induced by the Hurricane Joaquin (2015).

As the GWs propagate upward to the tropopause, this spiral structure becomes more
distinct and spreads further from the eye as shown in Fig. 4.4c-d. The maximum power of
the spiral is still located north of the eye, but the magnitude goes from negative to positive
when transitioning from 10km to 15 km altitude. This change demonstrates that the
majority of the air parcels ascend at 10km altitude and descend at 15km altitude around

the location of the GWs maximum power.

In the lower stratosphere (Fig. 4.4a-b), the GWs reveal a concentric ring structure that
displays as a stripped pattern, where the stripes propagate mainly in the east-west
direction. Xu et al. (2019) also observed an asymmetric GW structure for Hurricane
Matthew (2016) using measurements from Aqua satellites, where the eastward

propagating waves prevail in the lower atmosphere.

Our perturbation analysis leads to a similar conclusion that is, the eastward propagating
GWs dominate in the lower stratosphere (25km), while the westward propagating GWs
seem to break into small pieces (cf., Fig 4.4a-b). This result further agrees with Xu et al.
(2019), as they suggest that the concentric ring structure revealed by the primary waves

possibly becomes a partial ring structure during the GW upward propagation.

The east-west asymmetry of the GW propagation is noteworthy and a possible reason is
that the westward-propagating waves are modified by the west-blowing wind (easterly

wind). The background wind reduces the vertical wavelength of the westward-propagating
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waves and traps some waves through the critical level filtering, given the large horizontal
wind speed of Dean. Therefore, we only observe small pieces of the westward-
propagating waves at 25km altitude. Alternatively, the obstacle effect possibly generates
GWs that are opposite to the background wind, i.e., the eastward-propagating waves. As
a result, we find the eastward waves dominate at 25km altitude, which strongly justifies
the similar results from Pahlavan et al. (2022), who also studied the GW propagation using

the vertical wind perturbation extracted from the ERA5 dataset.

In general, the GWSs generated by Dean display an isotropic field in the upper troposphere
and behaves as an anisotropic field in the lower stratosphere, with a domination of the
eastward-propagating waves. Kim and Chun (2010) noticed a similar phenomenon, where
the GWSs generated by Typhoon Saomai (2006) propagated mainly eastward in the
stratosphere, due to the existence of the easterly wind shear that is known to modify the

isotropic wave field (Kim et al., 2009; Nolan, 2020).

Aside from the GW propagation direction, we find that the magnitude of the vertical wind
perturbation w' drops significantly from 10km to 25km altitude. The magnitude of w’ can
be considered as a proxy for the GW intensity, while the maximum magnitude at each
altitude indicates the strongest upward or downward motion of air parcels. Based on Fig.
4.4, the maximum value of the vertical wind perturbation for Dean drops from 3Pa/s to
0.2Pa/s from 10km to 15km altitude, and then drops to 0.04Pa/s at 25km altitude. This
significant decrease indicates that the GW intensity in the lower stratosphere is only about
1.3% of that in the upper troposphere. Therefore, the GWs experience a notable intensity

attenuation during their upward propagation.

As stated by Stull (1976), the energy carried by the vertically propagating GWs can be lost

through the turbulent layer in the upper troposphere, which may explain the significant
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attenuation of the GW intensity. Furthermore, when strong temperature inversions are
present around the tropopause, which is likely to appear for strong hurricanes, such as
Dean, the loss of GW energy is small (Stull, 1976; Vergados et al., 2014). Hence, we
expect the GWs generated by an intense hurricane experience a smaller intensity

decrease compared to that from a weak hurricane.
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Chapters

Gravity Waves Generated by Hurricane Julia (2010)

In this chapter, we present an analysis of the GW characteristics in the eyewall region of
Hurricane Julia. Julia originated from a tropical wave that emerged from the west coast of
Africa on Sept. 11, 2010 over the eastern Atlantic Ocean. It rapidly produced a tropical
depression on Sept. 12 with a maintaining deep convection. Julia then moved west-

northwestward, it slowly intensified and became a hurricane on Sept. 14.
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Figure 5.1. Best track of Hurricane Julia during Sept.12-25, 2010. Locations of the temperature
retrievals on Sept. 14 in the eyewall region (blue triangle) and in the rainband region (orange
triangle) are shown.

From Sept. 17, the low-pressure center of Julia started to get exposed due to the upper-
level outflow of Hurricane Igor, which was located west to the Julia during that time and

was much stronger than Julia. Julia then began to slowly decay and eventually dissipated
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into an open trough on Sept. 24. Hurricane Julia is characterized as a Category 4

hurricane (Beven Il & Landsea, 2010).

Figure 5.1 illustrates the best track of Julia over the Atlantic Ocean during Sept. 12-25,
2010. The locations of the selected temperature retrievals in the eyewall and the rainband
region are also shown. One temperature retrieval is found inside the eyewall region that
was recorded at 16:45 UTC on Sept. 14, 2010, when Julia became a hurricane. The
retrieved temperature profile is located 84km away from the recorded eye location?'. The

discussion for the rainband region is presented in Chapters 8 and 9.

5.1 Eyewall temperature perturbations and thermodynamics
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Figure 5.2. Temperature profiles from the RO retrieval at 16:45 UTC on Sept. 14, 2010 inside the
eyewall region: (a) background temperature profile T, (z) (black) and retrieved temperature profile
T(z) inside eyewall (red), (b) temperature perturbation profile T'(z) (blue) and a tapered lag window
(grey dashed) and (c) the windowed temperature perturbation profile T'(z).

21 Eye location was recorded by National Hurricane Center at 18:00 UTC on Sept. 14, 2010.
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Figure 5.2 presents the RO temperature profiles with a background temperature profile
constructed for Hurricane Julia. The minimum value of the background temperature profile
Ty (z) occurs at about 16km altitude (Fig. 5.2a), demonstrating the normal tropopause level
when the atmosphere is undisturbed. Compared to the background profile, the individual
temperature profile T(z) inside the eyewall reveals strong fluctuations above the
tropopause as shown in the black dashed frame (Fig. 5.2a), which does not present a
distinct double-tropopause feature as Hurricane Dean. These fluctuations are mainly due
to the strong deep convection in the troposphere given the intensity of Julia (Vergados et

al., 2014).

The windowed temperature perturbation T'(z) again provides an enlarged view of the
temperature fluctuations that are observed in Fig. 5.2a. The extracted perturbation T'(z)
illustrates the large-magnitude fluctuations at 15-20km altitude, with a maximum

magnitude of 5°C around 19km altitude (cf., Fig. 5.2c), as indicated by the purple arrow.

We describe these fluctuations (15-20km altitude) as a triple-tropopause feature that is
observed for the first time. The triple-tropopause is considered as an intense version of
the double-tropopause feature, which contains two temperature inversions instead of one.
However, only the temperature inversion at 17km altitude shows a positive perturbation

value (orange arrow).

The triple-tropopause feature is located above the normal tropopause level, demonstrating
that the strong temperature inversions cap the atmospheric boundary layer. This is a
favorable condition for GW generation through overshooting convection, since the warm
air parcels during their ascent enter a colder environment that further allows them to shoot

upward into the overlying stable layer and excite GWs (Stull, 1976).
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In fact, the positive temperature perturbation above 20km (orange square) in Fig. 5.2c
implies that there are warm air parcels lying above these inversions, confirming that the
air parcels make their way into the lower stratosphere through the upward overshooting.
For all we know, this is the first time that the observational evidence is provided to support
the existence of the overshooting convection within the eyewall region of an intense

hurricane.

Moreover, this positive temperature perturbation also verifies the ‘hot tower’ structure
described by Hoffmann et al. (2018), where the high clouds from the deep moist
convection penetrate the tropopause and become a potential source of the stratospheric
GWs. Given the large magnitude of this perturbation (cf., Fig 5.2c; circled by orange
square), we conclude that the ‘hot tower’ structure of Julia is strong and corresponds to
an intense overshooting convection. Therefore, we think that the GWs generated by the

overshooting convection should be the most distinct in the spectral results for Julia.

5.2 Spectral analysis of the GW characteristics and variations

Figure 5.3a presents the horizontal wind speed profile in the eyewall region of Julia that
was recorded at 17:00 UTC on Sept. 14, 2010, from the ERA5 dataset. We observe a
local maximum of the horizontal wind speed between 15-20km altitude (cf., Fig. 5.3a),
where the triple-tropopause feature occurs. This local maximum wind speed of Julia
appears at a higher altitude with a smaller value (>20m/s) compared to that of Dean
(>30m/s). Nevertheless, the horizontal wind speed of Julia still implies that the fast-rotating
air carries large momentum, which also suggests that the overshooting air parcels from

Julia possibly enter the region above 20km altitude where the overshooting top exists.
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Figure 5.3. (a) Vertical profile of the horizontal background wind speed from ERA5 dataset at 17:00
UTC on Sept. 14, 2010 in the eyewall region and (b) the normalized least squares spectrogram of
the windowed temperature perturbation T'(z) inside the eyewall.

In addition to the eyewall wind speed, Figure 5.3b shows the spectrogram of the windowed
temperature perturbation T'(z) in the eyewall region. We observe a long-wavelength wave
(A, = 5-17km) at the surface in Fig. 5.3b that is likely generated by the pure thermal forcing
mechanism as marked by the white arrow. This primary wave experiences a significant
decrease in the vertical wavelength through its upward propagation (denoted by the white
dashed arrow) and is trapped below 20km altitude, which is due to the background wind

filtering as well as the critical level filtering (Mukherjee et al., 2010).

This primary wave is assumed to propagate horizontally southwestward and vertically
upward following the assumption in Chapter 3, since the eyewall temperature retrieval

bends from surface aloft in a southwest direction. The horizontal background wind also
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blows westward in this region (not shown). As a result of the background wind filtering
effect, the GW vertical wavelength is reduced with respect to the decreasing intrinsic
frequency, as shown in Fig. 5.3b. This result is revolutionary, since the decrease in the
GW vertical wavelength due to the background wind fileting has never been visually

displayed and illustrated before.

Furthermore, the horizontal wind speed in the eyewall exceeds 20m/s at 18-19km altitude
(cf., Fig. 5.3a), which is strong enough to shift the intrinsic frequency of the primary wave
towards zero. Subsequently, the GW vertical wavelength drops to 1.7-2.5km and the wave
seems trapped at this altitude due to the critical level wind filtering (Taylor et al., 1993).
The trapping of the primary waves below the tropopause is noteworthy in the eyewall
region of Julia, which partially contributes to the domination of the secondary waves in the

lower stratosphere region.

In Fig. 5.3b, we also observe a wave with a vertical wavelength of 3.3-5km in the lower
stratosphere at about 25km altitude (circled in red). This secondary wave is considered to
be generated by the overshooting convection, because this wave is distinctly delineated
and clearly of different wavelength from the tropospheric waves that are trapped below
20km. The obstacle effect is not considered as the generating source, since the vertical
wavelength is within a small range meaning that the background wind does not play a

significant role in the generation of this secondary wave.

Hence, we confirm that the overshooting convection exists during the occurrence of Julia
on Sept. 14, 2010, which indeed generates the GWs that are distinct from other primary
waves in the spectral results as our expectation. This justification is significant as it is the
first time that we directly observe the trapping of the primary waves as well as the
generation of the secondary waves via the overshooting convection, using the wavelet
spectrogram.
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5.3 Vertical wind perturbations and the GW propagations

Given the fact that the eyewall temperature retrieval was recorded close to 17:00 UTC,
we extract the vertical wind perturbations at 17:00 and 19:00 UTC on Sept. 14, 2010 for
Julia, shown as Fig. 5.4. It is worth pointing out that Hurricane Igor was located west to
Julia on Sept. 14, therefore the GWs generated by Igor may interfere with the GWs

induced by Julia.

Similar to Dean, we observe a domination of the eastward-propagating waves at all three
altitude levels for Julia (cf., Fig. 5.4). With the presence of the west-blowing background
wind, the eastward-propagating waves are refracted to longer vertical wavelength, while
the westward-propagating waves are shifted to shorter vertical wavelength and eventually

experience the critical level wind-filtering due to the strong horizontal wind.

As a result, the westward waves become more evanescent as the altitude increases, but
the eastward waves seem to be amplified in the lower stratosphere due to the rarefied air
density (Fig. 5.4a-b). This finding agrees with previous studies, where the domination of
the eastward waves is commonly observed during the hurricane passage and the
background wind filtering is considered to be the main reason (Kim et al., 2005; Kim et al.,

2009; Mukherjee et al., 2010).

Aside from the background wind filtering, the GWs generated via the obstacle effect are
also responsible for the domination of the eastward-propagating waves. Especially at
15km altitude (Fig. 5.4c-d), the majority of the GWs propagate eastward that is opposite

to the horizontal background wind, which are likely generated via the obstacle effect.
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Figure 5.4. Vertical wind perturbation w' with the best track of Hurricane Julia (black): (a)-(b) at
25km altitude, (c)-(d) at 15km altitude and (e)-(f) at 10km altitude. The blue triangle denotes the
recorded eye location at 18:00 UTC and the black arrows indicate the propagation direction of GWs.

Left and right columns are captured at 17:00 and 19:00 UTC on Sept. 14, respectively.
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Hence, we believe that the prevailing of the eastward-propagating waves observed in Julia
is a result of both the background wind filtering and the obstacle effect. We also suggest
that the obstacle effect dominates in the upper troposphere than the pure thermal forcing
mechanism to generate the GWSs, because the secondary waves seem to prevail in the
UTLS region rather than the primary waves. This conclusion provides a new perspective
to understand the asymmetric GW propagation, as we consider the asymmetric structure

is due to multiple wave-related mechanisms rather than one.

Lastly, in terms of the vertical wind perturbation magnitude, the maximum magnitude of w'
drops from 1.7Pa/s to 0.15Pa/s as the GWs propagate from the upper troposphere (10km)
to 15km altitude, then drops to 0.02Pa/s at 25km. The maximum magnitude decrease
reflects the maximum GW intensity in the lower stratosphere is only about 1.1% of that is

in the upper troposphere.

Compared to Dean, the attenuation of the GW intensity in Julia is slightly higher during
the GW upward propagation. This finding agrees with our expectation, because Julia
reveals a slightly weaker temperature inversion compared to Dean and the loss of the GW
energy is therefore higher, corresponding to a stronger attenuation of the GW intensity

(Stull, 1976).
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Chapter 6

Gravity Waves Generated by Hurricane Bill (2009)

This chapter presents a detailed analysis of the GWs that are induced by Hurricane Bill.
Bill was determined as a category 4 hurricane which traversed the Atlantic Ocean. Bill
developed from a tropical wave on Aug. 12, 2009, associated with a broad area of low
pressure. A few rainbands developed on Aug. 14 with a reinforced deep convection that

in turn formed a tropical depression on Aug. 15.

The tropical depression strengthened steadily under the weak vertical wind shear and
became a hurricane on Aug. 17. After it turned northward, Bill slowly weakened due to the
increasing wind shear. On Aug. 24, Bill eventually weakened to a tropical storm and quickly
transited into an extratropical cyclone on the same day. On Aug. 26, Bill was absorbed by

a larger extratropical cyclone (Avila, 2009).

The best track of Hurricane Bill over the Atlantic basin during Aug. 15-26, 2009 is shown
in Fig. 6.1. We found one temperature retrieval in the eyewall region that is 105km away
from the recorded eye location?2. This eyewall temperature retrieval was recorded at 13:35
UTC on Aug. 17, 2009, when Bill had just become a hurricane. The location of the
temperature retrieval in the rainband region is also shown in Fig. 6.1 and the analysis is

presented in Chapters 8 and 9.

22 Eye location was recorded by National Hurricane Center at 12:00 UTC on Aug. 17, 2009.
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Figure 6.1. Best track of Hurricane Bill during Aug. 15-26, 2009. Locations of the temperature
retrievals on Aug. 17 in the eyewall region (blue triangle) and in the rainband region (orange triangle)
are shown.

Although Bill and Julia were both classified as category 4 over the Saffir-Simpson
Hurricane scale, the sustained wind speed of Bill reported on Aug. 17 at 12:00 UTC (the
time of our analysis) was slightly smaller compared to that of Julia. Therefore, we consider
that the eyewall temperature retrieval for analyzing Bill reveals a less intense hurricane

compared to Julia?®,

6.1 Eyewall temperature perturbations and thermodynamics

Figure 6.2 illustrates the temperature profiles from the RO retrieval located in the eyewall
region, with a background temperature profile constructed specifically for Bill. The normal

tropopause level of the analyzed region is about 16km altitude, indicated by the

23 The sustained wind speed is one of the parameters to reflect the hurricane thermodynamics at
the time of recording, which we use to roughly rank the hurricane intensity if more than one
hurricane falls into the same category over the Saffir-Simpson Hurricane scale.
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temperature minimum of T,(z) in Fig. 6.2a. Similar to what we have observed for
Hurricane Dean (2007), the individual temperature profile T(z) in the eyewall region of Bill

also reveals the double-tropopause feature, circled by the black dashed frame.
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Figure 6.2. Temperature profiles from the RO retrieval at 13:35 UTC on Aug. 17, 2009 inside the
eyewall region: (a) the background temperature profile T;(z) (black) and the retrieved temperature
profile T(z) inside eyewall (red), (b) the temperature perturbation profile T'(z) (blue) and a tapered
lag window (grey dashed) and (c) the windowed temperature perturbation profile T'(z).

As shown in Fig. 6.2c, the local temperature minimums that compose the double-
tropopause feature have a magnitude of about -5°C (purple arrow). However, the
temperature inversion found between the two local minimums (marked by the orange
arrow) is much smaller in Bill compared to the inversions in Dean. The small magnitude
of the temperature inversion demonstrates that there are less warm air parcels
overshooting above their equilibrium levels and hence the ‘hot tower’ structure is weak

(Hoffmann et al., 2018).
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The small temperature inversion is possibly due to the weaker convection in Bill (Category
4) compared to Dean (Category 5). A less vigorous convection generates weak surface
instabilities and less amount of ascending air parcels. Therefore, the ascending air parcels
in the eyewall of Bill are considered to have less buoyancy and vertical momentum, which
are not sufficient to lift the air parcels upward to the lower stratosphere. Consequently, the
overshooting convection is weak in Bill and only a small portion of the stratospheric GWs

is excited via the overshooting convection.

In addition, the magnitudes of the temperature perturbations of Bill in the troposphere are
positive (cf., Fig. 6.2c; shown in the orange frame), which is different from the previous
cases. The positive tropospheric perturbations imply that the warm air parcels are lifted to
a level below the normal tropopause where they stop rising any further. This result agrees
with our assumption that there are less air parcels overshooting upward above their

equilibrium levels into the lower stratosphere.

Furthermore, the eyewall temperature perturbation of Bill does not exhibit a negative
anomaly at about 7-8km, as Dean and Julia did. The absence of such a negative anomaly
indicates that the inflow in the boundary layer of Bill is weak compared to the previous
hurricane cases. This finding further suggests that less air parcels ascend in the eyewall

due to the small buoyancy, which leads to a weak overshooting convection.

On the other hand, the temperature perturbations between 20km and 30km altitude are
more notable in Bill (cf., Fig. 6.2c). These perturbations have large and uniform
magnitudes compared to those in Dean and Julia, which behave as a sinusoid. Given the
fact that the overshooting convection is weak in exciting the GWs in the lower stratosphere,
we believe that another wave-generating mechanism dominates in producing these strong
stratospheric disturbances rather than the pure thermal forcing mechanism or the
overshooting convection.

71



For instance, the obstacle effect or the mechanical oscillator mechanism possibly
dominate in the lower stratosphere, which we need to verify through the spectral analysis
results and the wave-induced wind perturbations. The GWs generated by the mechanical
oscillator effect are not easy to identify, since the key parameter to distinguish such waves
is their intrinsic frequency, which is not available based on the RO temperature

measurements and the ERA5 dataset.

6.2 Spectral analysis of the GW characteristics and variations
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Figure 6.3. (a) Vertical profile of horizontal background wind speed from ERA5 dataset at 14:00
UTC on Aug. 17, 2009 in the eyewall region and (b) the normalized least squares spectrogram of
the windowed temperature perturbation T'(z) inside the eyewall.

The horizontal background wind speed and the wavelet spectrogram of the windowed

temperature perturbation in the eyewall region of Bill are shown in Fig. 6.3. The maximum
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wind speed in the eyewall occurs above 25km altitude and there is no local maximum in
the UTLS region (cf., Fig. 6.3a). The horizontal wind speed is smaller than 20m/s below
20km altitude, suggesting that the background wind filtering is weak in the eyewall region

and the GWs should not be modified much in the troposphere.

In Fig. 6.3b, the primary wave observed at surface level with a vertical wavelength of 11-
20km verifies the wind speed result (denotated with the white arrow). This primary wave
does not experience any shifts of vertical wavelength and propagates straight upward to
15km altitude, where the equilibrium level of the air parcels is assumed. This result justifies
that the background wind filtering is almost absent in the troposphere. Above 15km altitude,
the wave components with 1, ~ 5-10km are observed (Fig. 6.3b; circled by red), which is

possibly a result of the weak overshooting convection as discussed earlier.

Interestingly, Bill reveals a stratospheric wave with a significantly increasing vertical
wavelength as it propagates upward from 19-20km altitude, as marked by the red arrow
(cf., Fig. 6.3b). The vertical wavelength increase is due to the presence of the strong
stratospheric wind that blows in an opposite direction to the GW (Cowling et al., 1971; Kim

et al., 2009).

The eyewall temperature retrieval of Bill bends in the northeast direction from the surface
aloft. We therefore assume that the GWs exhibited by this retrieval propagate horizontally
northeastward and vertically upward, which is in the opposite direction to the horizontal
background wind (easterly wind). Due to the background wind filtering, the vertical
wavelength of the stratospheric GW is refracted longer and the GW intrinsic frequency

also increases (Fritts & Alexander, 2003).

Besides, the stratospheric GW grows not only in its vertical wavelength but also in its

power as shown in Fig. 6.3b. The large power of the stratospheric GW agrees with our
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observation of the strong temperature fluctuations in the lower stratosphere as shown in
Fig. 6.2c. The increase in both the GW power and the GW vertical wavelength suggests
that the majority of the stratospheric waves propagate opposite to the background wind.
Thus, we believe that the obstacle effect dominates in generating the GWs above 19-

20km altitude, which primarily produce the eastward-propagating waves.

6.3 Vertical wind perturbations and the GW propagations

The vertical wind perturbations of Bill are illustrated in Fig. 6.4. These perturbations are
captured at 13:00 and 15:00 UTC on Aug. 17 over the hurricane-disturbed region, which

covers the recorded time of the eyewall temperature retrieval (14:00 UTC).

In the upper troposphere of the hurricane-disturbed region (Fig. 6.4e-f), a blurry spiral
pattern is observed that spreads radially outward in the anticlockwise direction, with a
large power located west to the eye. However, we do not observe a well-developed GW
concentric ring structure around the hurricane center as shown in the previous two

hurricanes.

At the tropopause level (Fig. 6.4c-d), the spiral structure is still not distinct and the
maximum power drifts to the east. The drift of the maximum power indicates that the
obstacle effect possibly starts to dominate from the tropopause level. The GWs seem to
be trapped within a small radial distance from the eye, because the GWs appear to be
interfered further from the hurricane. We are not very certain about the exact causes for

this interference.
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Figure 6.4. Vertical wind perturbation w' with the best track of Hurricane Bill (black): (a)-(b) at 25km
altitude, (c)-(d) at 15km altitude and (e)-(f) at 10km altitude. The blue triangle denotes the recorded
eye location at 12:00 UTC and the black arrows indicate the propagation direction of GWs. Left
and right columns are captured at 13:00 and 15:00 UTC on Aug. 17, respectively.
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The GW perturbations become more distinct in the lower stratosphere (Fig. 6.4 a-b) where
only the eastward-propagating waves are observed. This anisotropic wave field supports
our assumption that the obstacle effect dominates in the lower stratosphere and generates
the maijority of the secondary waves, which causes a strong asymmetry in the wave field.
The direction of the hurricane motion (west-northwestward) possibly also contributes to
the west-east asymmetry in the wave field, since Kim et al. (2009) also observed a

maximum GW power in the typhoon moving direction that results in an asymmetric field.

Besides, based on the analytic results shown in Fig. 6.4, the maximum magnitude of the
vertical wind perturbation drops from 2.5Pa/s to 0.025Pa/s, through the GW upward
propagation from the upper troposphere to the lower stratosphere. The GWs experience
an intensity attenuation of about 99% based on our results, which is considered relevant
to the energy loss through the turbulent layer as stated by Stull (1976). This intensity
attenuation is stronger than either of the two previous hurricanes (Dean and Julia),

possibly due to the weak temperature inversion displayed above the tropopause of Bill.
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Chaptery

Gravity Waves Generated by

Hurricane Bertha (2008)

This chapter presents a detailed analysis of the GWs that are induced by Hurricane Bertha.
Bertha originated from a tropical wave on July 1, 2008, which gradually developed with
the existence of the weak vertical wind shear and the warm sea surface temperature. It
became a tropical depression on July 3 and turned into a tropical storm on the same day.
As Bertha moved westward, it became the first hurricane of the 2008 season on July 7

and soon turned into a major hurricane after a rapid intensification (Rhome, 2008).

250N [

25°N

BOW 50w 2000w

Figure 7.1. Best track of Hurricane Bertha during July 3-21, 2008. Locations of the temperature
retrievals on July 8 in the eyewall region (blue triangle) and in the rainband region (orange triangle)
are shown.
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According to Rhome (2008), Bertha weakened for a short time period on July 8 under the
effects of the strong vertical wind shear, which intensified again on July 9. From July 10,
Bertha formed its second outer eyewall and the inner eyewall dissipated. The eyewall
replacement led to a gradual weakening and Bertha became an extratropical cyclone on
July 20, which eventually merged with a mid-latitude low pressure area on July 21. Bertha
was determined as a category 3 hurricane and was the longest-lived Atlantic hurricane in

July on record.

Figure 7.1 illustrates the best track of Bertha over the Atlantic Ocean from July 3-21, 2008.
One temperature retrieval is found in the eyewall region that matches both the temporal
and the spatial criteria. This retrieval was recorded at 14:19 UTC on July 8, 2008, which
was only 36km away from the recorded eye location?*. The analysis of the rainband region

temperature retrieval (orange triangle) will be presented in Chapters 8 and 9.

7.1 Eyewall temperature perturbations and thermodynamics

Temperature profiles from the eyewall retrieval are shown in Fig. 7.2. Interestingly, the
background temperature profile T,(z) of Bertha has already shown a weak double-
tropopause feature as enclosed by the black dashed square (cf., Fig. 7.2a). The two local
temperature minima of the double-tropopause occur at about 14km and 17km altitude.
This feature indicates that the atmosphere is convectively active during the undisturbed

period and produces favorable conditions for a hurricane to develop.

In Fig. 7.2c, the temperature perturbations in the eyewall region of Bertha also illustrate
the double-tropopause feature, marked by the purple arrow. The temperature inversion

found between the temperature minima is even smaller than that of Hurricane Bill. Besides,

24 Eye location was recorded by National Hurricane Center at 12:00 UTC on July 8, 2008.
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the temperature perturbations of Bertha in the troposphere are positive in magnitude, with

a small anomaly located at about 7km altitude that corresponds to an intrusion of cold air.
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Figure 7.2. Temperature profiles from the RO retrieval at 14:19 UTC on July 8, 2008 inside the
eyewall region: (a) the background temperature profile T, (z) (black) and the retrieved temperature
profile T(z) inside the eyewall (red), (b) the temperature perturbation profile T7'(z) (blue) and a
tapered lag window (grey dashed) and (c) the windowed temperature perturbation profile T'(z).

Since the temperature perturbations of Bertha exhibit similar characteristics to those of
Bill, we believe that the boundary layer convergence in Bertha is not intense, and the deep
convection is less vigorous. Hence, the updraft in the eyewall region of Bertha is weak in
forming the ‘hot tower’ structure, which does not penetrate the tropopause like previous
hurricanes (Hoffmann et al., 2018). The overshooting convection is therefore very weak

as less ascending air parcels achieve the lower stratosphere.

Besides, the temperature fluctuations between 17km and 30km altitude in Fig. 7.2c are
also relatively uniform in magnitude with a sinusoidal shape, displaying a similar structure
as Bill. Considering the fact that the overshooting convection is very weak or even does
not exist in Bertha, the stratospheric waves are likely generated via other mechanisms.
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7.2 Spectral analysis of the GW characteristics and variations

Fig. 7.3a presents the horizontal background wind speed in the eyewall region and Fig.
7.3b shows the spectrogram of the windowed temperature perturbation T'(z) inside the
eyewall of Bertha. We observe two primary waves at the surface level in Fig. 7.3b. The
first one has a vertical wavelength of about 3.3-7km (circled by red), while the second one

reports a vertical wavelength of about 11km (marked by the white arrow).
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Figure 7.3. (a) Vertical profile of horizontal background wind speed from ERA5 dataset at 14:00
UTC on July 8, 2008 in the eyewall region and (b) the normalized least squares spectrogram of the
windowed temperature perturbation T'(z) inside the eyewall.

We think that both primary waves are generated through the pure thermal forcing
mechanism. First of all, the deep convection in Bertha might not be as vigorous as in the

previous hurricane, as a result the GWs possibly have a shorter vertical wavelength due
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to the small heating depth of the thermal forcing (Beres et al., 2002; Fritts & Alexander,
2003). The primary wave circled by red (1, = 3.3-7km) in Fig. 7.3b verifies this assumption.
In addition, this wave only propagates to about 8-9km altitude and seems to be trapped

there, or is absorbed by the other primary wave (1, = 11km).

In contrast, the second primary wave (1, = 11km) displays a vertical wavelength that is
larger than the previously reported CGW vertical scale (Shi et al., 2021; Wang et al., 2021).
However, it agrees with Wu et al. (2022) where their simulations show the peak vertical

wavelength of the hurricane-induced GWs is about 10-14km.

This primary wave (cf., Fig. 7.3b; marked by the white arrow) propagates upward from the
surface without being trapped and even enters the stratosphere. During its upward
propagation, this wave experiences a slight decrease in the vertical wavelength and the

decrease becomes more significant as altitude increases.

Again, this is a result of the background wind filtering. The GWs exhibited by this RO
retrieval propagate southwestward in a similar direction to the background wind, which
blows westward. The horizontal background wind speed does not exceed 20m/s below
20km altitude and is the weakest among all the hurricanes that we have studied.
Consequently, no trapping of the primary wave is observed in the troposphere region

based on Fig. 7.3b, since the critical level filtering is very unlikely to happen.

The modification of the vertically propagating waves is not significant compared to the
previous cases, due to the small background wind speed. However, the background wind
speed in the eyewall increases with altitude (cf., Fig. 7.3a), which leads to an increasing
reduction of the vertical wavelength for the westward propagating GWs. Correspondingly,
the GW intrinsic frequency gradually decreases as reflected by the long-wavelength

primary wave (1, = 11km), although the power of this primary wave remains unchanged.
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Based on the spectrogram (Fig. 7.3b), we do not observe any distinct secondary waves
that are generated via the overshooting convection. The absence of the secondary waves
agrees with our assumption that the overshooting convection possibly do not exist in
Bertha. Furthermore, we think that the stratospheric GWs are in fact the primary waves

generated at surface which propagate upward into the stratosphere without being trapped.

7.3 Vertical wind perturbations and the GW propagations

To study the GW propagation of Bertha, Fig. 7.4 illustrates the vertical wind perturbations
at three altitude levels over the hurricane-disturbed region. These wind perturbations are
captured at 21:00h and 23:00h UTC on July 9, which are close to the recorded time of the

eyewall temperature retrieval.

The GWs observed in the upper troposphere (cf., Fig. 7.4e-f) exhibit a partial spiral
structure, similar to the previous hurricanes. The partial spiral spreads primarily in the
northwest direction with a maximum power located at the center that has a negative

perturbation value, indicating the existence of a strong updraft.

Interestingly, there is another strong perturbation located southeast to the spiral with a
positive magnitude (Fig. 7.4e-f), indicating the location of a strong downdraft. The closely
located updraft and downdraft demonstrate a northwest-southeast GW asymmetry that
actually falls in the direction of hurricane motion. Our finding agrees with Kim et al. (2009)

where they also found a GW asymmetry in the moving direction of Typhoon Ewiniar (2006).

At the tropopause level (Fig. 7.4c-d), the spiral structure is still visible with a negative
perturbation in all directions, indicating that the air ascends only and the strong downdraft
disappears. Besides, the outermost band of the spiral seems to propagate further away

from the hurricane center as the GWs propagate upward from 10km to 15km altitude.
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Figure 7.4. Vertical wind perturbation w’ with the best track of Hurricane Bertha (black): (a)-(b) at
25km altitude, (c)-(d) at 15km altitude and (e)-(f) at 10km altitude. The blue triangle denotes the
recorded eye location at 0:00h UTC on July 10 and the black arrows indicate the propagation
direction of the GWs. Left and right columns are captured at 21:00h and 23:00h UTC on July 9,
respectively.
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In the lower stratosphere (Fig. 7.4a-b), the GWs generated by Bertha do not exhibit the
concentric, striped structure or the radially spreading bands. Instead, the stratospheric
GWs seem to propagate randomly at 25km altitude. This is possibly due to the weak
overshooting convection inside the eyewall region, as we observed from the temperature
perturbations. Consequently, there are few secondary waves (or almost none) being

generated in the lower stratosphere.

In addition, the obstacle effect is also weak over the hurricane-disturbed region, since the
background wind speed is the smallest in Bertha among all the hurricanes that we have
studied (cf., Fig. 7.3a). Therefore, the GWs at 25km altitude are confirmed to be the
primary waves that are generated in the upper troposphere, which propagate upward into

the lower stratosphere and experience a decrease of the vertical wavelength.

Lastly, the maximum magnitude of the vertical wind perturbations drops from 1Pa/s to
0.018Pals from the upper troposphere to the lower stratosphere. This significant reduction
demonstrates that the maximum GW intensity in the lower stratosphere is about 1.8% of
that in the upper troposphere. Equivalently, the GW intensity attenuation is about 98.2%
as the GWs cross the tropopause, which is the smallest among all the hurricanes we
studied. This result is contrary to our expectation, since Bertha has the weakest
temperature inversion and the intensity attenuation is expected to be the strongest among

all the hurricanes (Stull, 1976).
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Chapter 8

Comparison of Hurricane Thermodynamics and

Gravity Wave Behaviours

In addition to the GW analyses of four hurricanes as individual case studies, we are also
interested in studying the similarities and the variations of these GWSs with respect to the
hurricane intensity. In this chapter, we compare the thermodynamics in the UTLS region
for different hurricanes and in different regions, aiming to show the variations of the GW

behaviours when the hurricane intensity and the convection strength vary.

8.1 Hurricane intensity and eyewall temperature perturbations

The four hurricanes studied in the previous chapters are of different intensities, as
characterized according to the Saffir-Simpson Hurricane Wind Scale. The hurricane
intensity is a reflection of both the wind speed scale and the associated convection scale.
As the convection and the background wind strengthen or weaken, the spectral properties
of the hurricane-induced GWs vary with respect to the wave generation mechanisms and

the GW dispersion relation.

One of our objectives in this thesis is to determine the variations of the GW properties as
a function of the hurricane intensity. Accordingly, we carry out a comparison between the
GWs that are induced by the four hurricanes of different intensities, which in decreasing
order of intensity are Hurricane Dean (Category 5), Julia (Category 4), Bill (Category 4)
and Bertha (Category 3). Bill is considered slightly weaker than Julia due to its small
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sustained wind speed, as discussed in Chapter 6.

We want to point out that the GW variations observed among the different hurricanes of
decreasing intensity are not equivalent to the variability of the GWs as the same hurricane
weakens. Previous studies have examined the GW variation during the weakening (or
intensification) of individual hurricanes (Kuester et al., 2008; Rogers et al., 2016; Wu et
al., 2022), including their evolutions from a major hurricane stage to a tropical depression
stage. Instead, our analysis is based on the comparison of the major hurricane stage for
hurricanes with decreasing intensities. However, we think that our results can be used to
roughly understand the weakening of a single hurricane and compare with the existing

literature, as the deep convection and the sustained wind speed weaken in a similar way.

To study the GW variation between hurricanes of different intensities, we first compare the
wave-induced temperature perturbations for selected hurricanes. Figure 8.1 presents the
individual temperature profiles T(z) selected inside the eyewall region of each hurricane,
with their corresponding background temperature profiles T, (z). The background profiles
for different hurricanes are almost identical, exhibiting a normal or undisturbed tropopause
at about 16-17km altitude, as illustrated by the orange dashed line (Fig. 8.1). This result

agrees well with the averaged altitude of tropopause in the tropics (Hoinka, 1999).

However, the background profiles of Bill and Bertha reveal a weak double-tropopause as
discussed in Chapter 6 and 7 (cf., Fig. 8.1c-d). We consider the existence of this double-
tropopause feature in the background profiles as an indication that the atmosphere is
possibly already active in convection before the occurrence of the hurricane, which creates

a favorable condition for the deep convection to initiate.
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Figure 8.1. The background temperature profiles (black) and the individual temperature profiles
(red) in the eyewall region of different hurricanes: (a) Dean, (b) Julia, (c) Bill and (d) Bertha. The
normal tropopause level (orange dashed) for each hurricane is illustrated as well.
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Figure 8.2. The temperature perturbation profiles (blue) in the eyewall region of different hurricanes:
(a) Dean, (b) Julia, (c) Bill and (d) Bertha. The mean (black dashed), standard deviation (gray
shaded) and the normal tropopause level (orange dashed) are also shown for each perturbation.
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In addition, we notice strong temperature fluctuations around the tropopause level for all
hurricanes (Fig. 8.1; shown inside the black frame). Figure 8.2 provides an enlarged view
of these fluctuations, where temperature local minima and temperature inversions are
observed. Compared to the normal tropopause level (Fig. 8.2; orange dashed), all the
temperature inversions seem to occur about or above the tropopause (Fig. 8.2; indicated
by purple arrows), except for Bertha. Furthermore, the inversion magnitude appears to
decrease as hurricane intensity drops (Fig. 8.2; from left to right following the descending

order of hurricane intensity).

Overshooting convection is suggested to occur when the strong temperature inversion
caps the atmospheric boundary layer (Stull, 1976). Hence, the decrease of the inversion
magnitude leads to a diminishing likelihood of the occurrence of overshooting convection,
since there are less air parcels penetrating the tropopause (Hoffmann et al., 2018). This
finding agrees with our conclusions stated in the previous chapter, as the overshooting

convection was determined to be weak or absent for weak hurricanes like Bertha.

On the contrary, Julia reveals many fluctuations (ripples) above the tropopause with a
temperature inversion that distinctly caps the boundary layer (Fig. 8.2b). This vertical
structure guarantees the occurrence of the overshooting convection. As a result, we
believe we have the best chances to observe the GWs generated by the overshooting

convection in the eyewall region of Julia.

Aside from the temperature inversions, the negative temperature anomaly (around 7-8km
altitude) appears to be the strongest in Dean, which gradually weakens as the hurricane
intensity drops (Fig. 8.2b). This anomaly indicates that the boundary layer convergence,
or the air inflow in the boundary layer is the strongest in Dean, suggesting a large
buoyancy that can lift the warm air parcels upward and fuel the deep convection through
the release of latent heat (Yano, 2021).
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Hence, the weakening temperature anomaly indicates that the buoyancy at surface
reduces as the hurricane intensity drops, leading to a less vigorous convective boundary
layer as well as a less vigorous deep convection. In our opinion, this weakening trend is
reasonable as it agrees with the descending order of the hurricane intensity and also

verifies the physics that was used to explain the hurricane thermodynamics.

Alternatively, the temperature perturbations in the lower stratosphere seem to grow in
magnitude as the hurricane intensity drops (cf., Fig. 8.2). For example, the stratospheric
temperature perturbation of Dean appears to be the smallest, mostly falling within one
standard deviation (Fig. 8.2a). For Bertha, the stratospheric perturbation becomes very

notable and exceeds the standard deviation of the perturbation, especially at 30km altitude.

The intensifying stratospheric perturbation is possibly due to the variation of the
dominating waves in the stratosphere. For Dean and Julia, the secondary waves dominate
in the lower stratosphere; while for Bill and Bertha, we believe that the primary waves
propagate upward into the stratosphere without being trapped (concluded in the previous
chapters). Besides, the small-scale CGWs are likely to break or dissipate below the
stratopause and deposit their energy to the background flow, which also creates significant

disturbances in the atmospheric temperature (Xu et al., 2019).

It is interesting to find out that as the hurricane intensity drops, the temperature anomaly
in the troposphere weakens while the stratospheric temperature perturbations intensify.
The opposite variation in the convective layer below the tropopause and in the stable layer
above the tropopause is a fresh finding, suggesting that the tropopause behaves as a

critical layer and significant changes of the thermodynamics occur at this altitude.
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8.2 Hurricane thermodynamics in the eyewall and rainband region

We have discussed the variations of the eyewall thermodynamics as the hurricane
intensity drops. For a particular hurricane, the thermodynamics in the atmosphere,
especially the convection, also varies with respect to the radial and azimuthal location
relative to the hurricane center (Rogers et al., 2016). To further understand such variations,
we carry out a comparison of the wave-induced temperature perturbations in the eyewall

and the rainband region of each hurricane.

Table 8.1. A summary of the information for the RO temperature retrievals selected in the eyewall
region and the rainband region for different hurricanes.

Name Recorded time of the RO retrieval . Radial Azimuthal location
distance (km)
Eyewall 0:11 UTC, Aug. 18, 2007 87
Dean - Northeast
Rainband | 457 yT¢, Aug. 18, 2007 428
region
Eyewall 16:45 UTC, Sept. 14, 2010 84
Julia Rainband North
ainban i
region 5:26 UTC, Sept. 14, 2010 249
Eyewall 13:35 UTC, Aug. 17, 2009 105
Bill - Southeast
Rainband | 4.0, \;7¢, Aug. 17, 2009 522
region
Eyewall 14:19 UTC, July 8, 2008 36
Bertha - Northeast
Rainband | 53,45 yTC, July 8, 2008 596
region

As introduced in Chapter 1, we refer to the outer region of a hurricane that comprises the
convective rainbands as the rainband region. For each hurricane of our interest, we select
a temperature retrieval in the rainband region on the same azimuth as the eyewall retrieval
with a larger radial distance, as summarized in Table 1. The recorded time of each

temperature retrieval and its radial distance from the eye are also reported.
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Figure 8.3. Comparisons of the windowed temperature perturbations induced in the eyewall (blue)
and in the rainband region (orange) of different hurricanes: (a) Dean, (b) Julia, (c) Bill and (d) Bertha.
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Figure 8.4. Differences of the windowed temperature perturbations (green) between eyewall and
the rainband region of different hurricanes: (a) Dean, (b) Julia, (c) Bill and (d) Bertha. The mean
(black dashed) and standard deviation (gray shaded) of each perturbation profile are also shown.
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Figure 8.3 presents the comparisons of the wave-induced temperature perturbations that
are extracted from the eyewall and the rainband region for each hurricane, in a descending
order of hurricane intensity. Figure 8.4 further illustrates the difference between the
temperature perturbations of each hurricane, with the calculation of its mean and the

standard deviation.

For each hurricane, we find that the perturbation inside the rainband region reveal a very
similar shape as in the eyewall, while discrepancies at various altitudes also exist (cf., Fig.
8.3). Specifically, we notice that the perturbations of Bertha are very similar (cf., Fig. 8.4d),
since the perturbation difference mostly falls within one standard deviation; while the
perturbations of Dean exhibit the most differences (cf., Fig. 8.4a), as the perturbation

difference exceeds a magnitude of 5°C.

Hence, we believe that generally, the difference between the wave-induced temperature
perturbations in the eyewall and the rainband region gradually reduce as the hurricane
intensity drops, which has not been described in any previous studies. The decreasing
difference is reasonable and agrees with our expectation, since the convection strength in
the eyewall gradually reduces as the hurricane intensity drops, which becomes

comparable to the convection in the rainband region.

In addition, Fig. 8.4 shows that the perturbation difference at the tropopause (15-20km)
also weakens as the hurricane intensity decreases. It is noteworthy to point out that the
perturbation difference of Julia even reaches a magnitude of -9°C at the tropopause (cf.,
Fig. 8.4b). The variation at the tropopause is significant as it indicates the major difference
between the eyewall and the rainband thermodynamics occurs at this altitude. This trend
confirms our assumption that the tropopause behaves as a critical layer and further

suggests that the tropopause behaviours vary with respect to the hurricane intensity.
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Alternatively, Fig. 8.3 also reveals that the tropospheric temperature perturbations in the
rainband region (orange profiles) is generally smaller in magnitude compared to those in
the eyewall (blue profiles), which becomes very distinct for Bill and Bertha (cf., Fig 8.3c-
d). This is likely a result of the less vigorous deep convection in the rainband region due

to a larger radial distance from the eye, similar to the findings of Rogers et al. (2016).

Based on the analysis above, we make the conjecture that for a single hurricane, the
thermodynamic states in the eyewall and the rainband region exhibit similar behaviour on
the same azimuth, but reveals a decrease in the convection strength as the radial distance
from the eye increases. It is outside the scope of this thesis to examine and discuss the

time-variations of the thermodynamics in the atmosphere.

8.3 Gravity waves in the eyewall and rainband region

In addition to the variation of the thermodynamics in different regions of a hurricane, we
also seek to determine the similarities and differences of the GW spectral properties in the
eyewall and the rainband region. Figure 8.5 presents the least-squares spectra of the

temperature perturbations extracted from the analyzed regions for each hurricane.

Similar to the temperature perturbations, the rainband region spectra (Fig. 8.5; orange
spectra) exhibit very similar behaviour in terms of the vertical wavenumber and the wave
power, as those in the eyewall (Fig. 8.5; blue spectra). Discrepancies between the spectra
of each hurricane also exist, which weakens as the hurricane intensity drops. Specifically,
the spectra of Dean reveal the largest difference between the eyewall and the rainband,
as the dominating waves have different powers (Fig. 8.5a); while the spectra of Bertha are

almost identical (Fig. 8.59).
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Figure 8.5. Comparisons of the least squares spectra for the windowed temperature perturbations
in the eyewall (blue) and the rainband region (orange), as well as their spectra product (green) for
different hurricanes: (a)-(b) Dean, (c)-(d) Julia, (e)-(f) Bill and (g)-(h) Bertha. The threshold of
significance for each spectrum (gray dashed) at the 99% confidence level is also shown.
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For all hurricanes, a small-wavenumber wave is observed in both the eyewall and the
rainband region with a (linear) vertical wavenumber smaller than 0.1km™ (Fig. 8.5;
indicated by the purple arrows in the left column). These waves correspond to the primary
waves that were observed in the spectrograms for each hurricane, which is considered to
be induced by the pure thermal forcing mechanism. Besides, the power of this primary
wave is slightly different in the eyewall and the rainband region for each hurricane, but

usually achieves a percentage variance of 20% and above.

The spectra product in Fig. 8.5 further confirms that the primary wave corresponds to the
pure thermal forcing generation, as it displays as a common peak in the spectra product
(Fig. 8.5; indicated by the purple arrows in the right column), indicating that this wave

exists in different regions with an identical wavenumber.

Apart from this primary wave, the spectra from the rainband region also present a
significant peak with a relatively large wavenumber (Fig. 8.5; indicated by the red arrows
in the left column), which also matches with a wave in the eyewall that shows as the
common peak in the spectra product (Fig. 8.5; indicated by the red arrows in the right
column). This secondary wave reveals a much larger power in the rainband region
compared to the eyewall, which is sometimes the largest among all the waves in the

rainband region.

This secondary wave has a wavenumber range about 0.1-0.3km™" among different
hurricanes, corresponding to a vertical wavelength of about 3.3-10km. The wave power of
this secondary wave also reaches a value of 20%, which gradually increases as the
hurricane intensity increases (Fig. 8.5; from bottom to top). We believe these secondary
waves correspond to the dominating waves in the lower stratosphere in the convective

region, as we will illustrate in the next chapter.
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The dominance of these secondary waves in the rainband region is expected, since the
stratospheric temperature perturbations are more notable as the hurricane intensity drops
(cf., Fig. 8.2). Hence, we suggest that in the rainband region, the secondary waves are
favored with an increasing power, while the primary waves remain almost unchanged
compared to the eyewall. However, as mentioned earlier in Chapter 7 (e.g., Hurricane
Bertha), when a hurricane is not intense, the primary waves that are not trapped below
the tropopause also enter the lower stratosphere and contribute to the domination of the

eastward-propagating waves.

8.4 Gravity wave intensity and wind perturbations

According to the wave-induced wind perturbations for each hurricane, the magnitude of
the vertical wind perturbations decreases drastically from 10km to 25km altitude, which
suggests that the GW intensity drops significantly from the upper troposphere to the lower
stratosphere. Therefore, we are also interested in studying the variation of the GW

intensity with respect to the hurricane intensity.

Table 8.2. A summary of the maximum magnitude of the vertical wind perturbations w'(z) for
different hurricanes. Maximum values are reported at 10km, 15km and 25km altitude in Pa/s.

Recorded time of vertical Maximum magnitude of w’ (Pa/s) Intensn_y
Name . d data f ERA5 attenuation
ar speed data from 10km 15km 25km (%)
Dean 0:00 UTC, Aug 18, 2007 3.0 0.20 0.04 98.7%
Julia 17:00 UTC, Sep 14, 2010 1.7 0.15 0.02 98.8%
Bill 13:00 UTC, Aug 17, 2009 25 0.13 0.03 98.8%
Bertha 21:00 UTC, Jul 9, 2008 1.0 0.13 0.01 99.0%
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Table 2 reports the maximum magnitude of the vertical wind perturbation w’'(z) at three
altitude levels (10km, 15km and 25km) for four hurricanes, with an estimation of the GW
intensity attenuation from the upper troposphere to the lower stratosphere in percent. We
aim to compare the strength of the GWs and the strength loss during the GW upward

propagation when the hurricanes are of different intensities.

Based on the reported values in Table 1, at each altitude level, the maximum magnitude
of w'(z) is of the same scale for different hurricanes, justifying the rationale of this
comparison that is, the GW intensity of different hurricanes is comparable. Furthermore,
we notice that the maximum wind perturbation at each altitude generally decreases as
hurricane intensity drops, except for Bill that does not fit the trend?®. The decreasing
perturbation magnitude demonstrates that the GW intensity seems to correlate positively

to the hurricane intensity.

As far as we know, the decrease in the vertical wind perturbation with decreasing hurricane
intensity has not been brought up by any previous studies. We think that as the hurricane
intensity drops, the buoyancy at the surface reduces as we observe from the wave-induce
temperature perturbations (cf., Fig. 8.2), resulting in the less intense updrafts in the
hurricane-disturbed region. Accordingly, the upward propagation of the GWs also weaken,

numerically shown as the decreasing magnitude of the vertical wind perturbations.

On the contrary, the intensity attenuation appears to increase as the hurricane intensity
drops, except for Julia and Bill that report an equal attenuation of intensity. We believe
that the decrease in the GW intensity is relevant to the energy loss experienced by the
GWs during their vertical propagations. As stated by Stull (1976), the drastic drop in the

wind perturbation magnitude is a reflection of the GW energy loss in the turbulent layer as

25 We consider Bill as an anomaly since we assumed Bill is slightly weaker than Julia based on the
sustained wind speed.

97



the GWSs propagate upward across the tropopause. The upward energy propagation is
disturbed either being trapped by the temperature inversion, or is reflected back and being
absorbed by the turbulent layer. The energy loss becomes significant if the temperature

inversion is weak and the turbulent layer is vigorous (Stull, 1976).

We observed that the temperature inversion at the tropopause altitude becomes weaker
as the hurricane intensity drops (cf., Fig. 8.1), suggesting that the GW energy loss
becomes more significant according to Stull (1976). This increasing energy loss
corresponds to an increasing intensity attenuation of the GWs as reported in Table 2,
although the increase is very small and can be considered as almost constant (about

99.0%).

Therefore, we confirm that during the upward propagation of the GWs, the GW intensity
attenuation positively correlates to the GW energy loss, while the exact correlation needs
to be determined by further studies. This finding numerically verifies the theoretical
simulation brought up by Stull (1976), although we expect a more significant variation of

the GW energy loss (or intensity attenuation) as the hurricane intensity varies.

Moreover, based on the previous discussions, the attenuation of the temperature inversion
also suggests that the overshooting convection is not likely to occur. Hence, we propose
for the first time that the GW intensity attenuation though their upward propagation is small
when the overshooting convection is intense and the temperature inversion is strong (e.g.,

for strong hurricanes).
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Chapter 9

Comparison of Gravity Wave Variability and

Wave Generation Mechanisms

We have discussed the GW characteristics for different hurricanes and in different regions
of a hurricane, in terms of hurricane thermodynamics as well as the GW spectral
properties. In this chapter, we present a similar comparison but using the spectrograms,
in order to illustrate the GW variability during their upward propagation according to the

wave generation and dissipation mechanisms.

9.1 Gravity wave variability in the eyewall region

In the individual hurricane case studies, several wave generation and wave dissipation
mechanisms were suggested for the GW vertical variations. Primary waves and
secondary waves were identified with respect to the dominating mechanisms at different
altitude levels, which exhibited various characteristics in different hurricanes. Here, we are
interested in studying the variability of these dominating mechanisms and their effects on

the GWs as the hurricane intensity varies.

To visually illustrate the vertical variations of the GWs that are induced by the different
hurricanes during their upward propagations, Fig. 9.1 presents the spectrograms of the
wave-induced temperature perturbations that are extracted from the eyewall region of

each hurricane, with an estimated tropopause level.
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Figure 9.1. Normalized least squares wavelet spectrograms of the windowed temperature
perturbation T'(z) inside the eyewall of different hurricanes: (a) Dean, (b) Julia, (c) Bill and (d)
Bertha. The estimated tropopause level (white dashed) is also shown.

According to Gettelman et al. (2002), the tropopause in the tropical region is in fact a
transition zone that usually extends from the main convective outflow (about 12km altitude)
to the cloud top (about 17km altitude). Considering the large latent heat release that
deepens the convective boundary layer during the hurricanes, we determine the maximum
tropopause altitude as 18-19km altitude under the presence of deep convection (cf., Fig.
9.1; illustrated as the white dashed line), which is slightly higher than the normal

tropopause altitude of 16-17km, as illustrated in Fig. 8.1.

For all hurricanes, we observe the long-wavelength, high-frequency primary waves at the
surface level (Fig. 9.1; denoted by the white arrows) that are generated by the pure
thermal forcing mechanisms (Fritts & Alexander, 2003). The primary waves exhibit a large
vertical wavelength range of 1, ~ 3-20km for different hurricanes. Specifically, the primary
wave of Dean reveals a relatively short wavelength (Fig. 9.1a; 4, = 3-7km), while the

primary wave of Bill shows the longest wavelength (Fig. 9.1c; 1, = 11-20km).
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Aside from the primary waves, we notice a few secondary waves in Dean and Julia above
20km altitude that are distinct from the primary waves in the troposphere (Fig. 9.1a-b;
circled by red). The secondary waves in the lower stratosphere seem to prevail in Julia
compared to Dean. Overshooting convection is considered to be the source of these
small-scale secondary waves, when the ‘hot-tower’ structure penetrates the tropopause

for strong hurricanes (Stull, 1976; Hoffmann et al., 2018).

Subject to the horizontal propagation direction of the GWs as well as the direction of the
horizontal background wind, the upward propagating waves possibly experience the
background wind filtering (Mukherjee et al., 2010). For Dean and Julia, we observe a
decrease in the GW vertical wavelength for the primary waves (Fig. 9.1a-b), since these
waves propagate in a similar horizontal direction as the background wind. The decrease
in the GW vertical wavelength is the strongest in Julia, indicating that critical level filtering

occurs which traps the primary wave at about 19km altitude (Cowling et al., 1971).

In contrast, the stratospheric GWs of Bill experience an increase in the vertical wavelength
with a growing power (Fig. 9.1c; denoted by the red arrow), since the GWs propagate in
opposite direction to the westward horizontal background wind. We believe that the
obstacle effect that is usually dominant above the tropopause also contributes to the
stratospheric waves that grow in power, as the obstacle effect generates the eastward-

propagating waves when the westward wind is present (Dutta et al., 2009).

The primary waves of Bertha do not reveal any significant shifts of wavelength (Fig. 9.1d),
since the trapping of the primary waves is very weak in Bertha due to the small background
wind speed. Similar to Bill, the obstacle effect is suggested to be responsible for the

increasing power for the GWSs, given a background wind speed increases with altitude.
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Based on the discussion above, we think that the pure thermal forcing generates the GWs
in an almost identical way in all hurricanes, which is the major wave-generating
mechanism at the surface level. Besides, we believe that the likelihood of the overshooting
convection occurrence reduces as the hurricane intensity drops, since the small-scale

secondary waves are only observed in Dean and Julia.

In Fig. 9.1, we also notice that the primary waves in the troposphere reveal large power in
hurricanes with large intensity (e.g., Dean and Julia), which seems to decrease as the
hurricane intensity drops. On the other hand, the stratospheric waves above the estimated
tropopause display large power in hurricanes with small intensity (e.g., Bill and Bertha).

We believe these GW variations are due to the different dominating mechanisms.

The background wind filtering and the critical level filtering effects attenuate as the
hurricane intensity drops that is, the trapping of the primary waves becomes weak,
allowing the primary waves to propagate upward and enter the lower stratosphere without
being shifted towards short vertical wavelength or low intrinsic frequency. Secondly, the
obstacle effect is suggested to prevail in the upper troposphere and above for hurricanes
with small intensity, which contributes to the dominance of the secondary waves as we

observe in the vertical wind perturbation results.

Hence, we believe that in intense hurricanes, the generation and the trapping of the
primary waves leads to a large wave power in the troposphere, as a result of both the pure
thermal forcing mechanism and the wind filtering effects. As the hurricane intensity
decreases, the primary waves are not trapped below the tropopause and the secondary
waves generated by the obstacle effect start to dominate, therefore displaying a large

power in the stratosphere.
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We think that the comparison of the GW vertical propagations in the eyewall of different
hurricanes is a unique contribution to the studies of the hurricane-induced GWs. We
provide not only the visual illustration of the GW wavelength variation, but also the wave

variation as a function of the hurricane intensity, which have not been accomplished before.

9.2 Gravity wave variability in the rainband region

In addition to the GW variability in the eyewall region as the hurricane intensity varies, we
also investigate the GW variability in the rainband region where both the deep convection
and the horizontal background wind weaken. To illustrate the variation of the GW
characteristics, we present the spectrograms of the temperature perturbations that are

extracted from the rainband region for all hurricanes in Fig. 9.2.
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Figure 9.2. Normalized least squares wavelet spectrograms of the windowed temperature

perturbation T'(z) in the rainband region of different hurricanes: (a) Dean, (b) Julia, (c) Bill and (d)
Bertha. The estimated tropopause level (white dashed) is also shown.
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A consistent vertical propagation structure of the GWs is observed, where the primary
waves generated by the pure thermal forcing at the surface propagate straight upward
and enter the stratosphere (cf., Fig. 9.2). Although some small gaps and slight variations
are present along the vertical GW propagation, most of the GWSs present a continuous

upward path without any significant shifts in the vertical wavelength.

The consistent structure in Fig. 9.2 demonstrates that the GWs in the rainband region are
not modified much by the background wind. Compared to the eyewall region, the
horizontal wind is much weaker in the rainbands and the background wind filtering effect
weakens accordingly. As a result, the GW vertical wavelength remains almost constant

during the GW upward propagation in the rainbands.

Nevertheless, each hurricane exhibits different transitions of the GW propagation from the
eyewall to the rainband region by examining the difference between Fig. 9.1 and Fig. 9.2.
Specifically, Dean and Julia reveal a strong trapping of the primary waves in the eyewall
due to the wind-filtering effect (Fig. 9.1a-b), which is not present in the rainband region
(Fig. 9.2a-b). The small-scale secondary waves generated by the overshooting convection

in the eyewall of Dean and Julia do not appear in the rainband region either.

Similarly, Bill presents strong stratospheric waves inside the eyewall region (Fig. 9.1c) with
an increasing vertical wavelength due to the background wind filtering. However, in the
convective region, a primary wave with a vertical wavelength of 1, ~ 20km is present at
all altitudes (Fig. 9.2c). In addition, Bill reveals a unique wave component at 15-20km
altitude in the rainband region (Fig. 9.2c; circled by red) that does not appear in the eyewall.
We think that this secondary wave possibly contributes to the dominance of the
stratospheric waves, since this wave is likely a result of the obstacle effect. This result

suggests that the obstacle effect exists in both the eyewall and the rainband region of Bill.
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Interestingly, the spectrograms in the eyewall and the rainband region of Bertha are very
similar. This similarity suggests that the thermodynamics in the atmosphere of Bertha does

not vary much at different radial distances.

Based on the discussion above, we conclude that the background wind filtering effect
significantly weakens in the rainband region of a hurricane, where the trapping of the
primary waves and the excitation of the secondary waves attenuates as the radial distance
increases. In addition, on the same azimuth, the GW propagation varies significantly with
the radial distance for intense hurricanes, which seem to maintain a consistent pattern for

less intense hurricanes.

9.3 Two-layer convection and wave generation mechanism effects

According to the discussion on the GW characteristics as well as their variations with
respect to the hurricane intensity, we believe that the critical variations in the vertical
propagation of the GWs occur in the transition layer between the convective layer and the
stable layer that is, the tropopause. In recent studies, the tropopause is sometimes
referred to as the fropopause transition layer (TTL) that exhibits properties of both the

troposphere and the stratosphere (Ryu & Lee, 2010).

Specifically, the temperature inversion around the tropopause is crucial in determining the
occurrence of the overshooting convection. The tropopause also appears to be an inter-
layer that traps the primary waves below and excites the secondary waves above.
Furthermore, as the hurricane intensity drops, the variation of the tropospheric GWs

seems opposite to the stratospheric wave variation.

Hence, we consider the convection in the UTLS region of a hurricane as a two-layer

convection, which is illustrated in Fig. 9.3. The two-layer convection model is composed
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of an unstable layer at the bottom and a stable layer at the top, which simulate the
convective troposphere and the steady stratosphere in the hurricane-disturbed region,
respectively. These two layers are separated by a transition layer, namely the tropopause,

which plays a key role in the two-layer convection (cf., Fig. 9.3).
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Figure 9.3. Diagram of two-layer convection that simulates the convective regime of hurricanes.

A heat source located in the unstable layer is considered to represent the thermal forcing
that localizes the convective storms. The heat source is assumed to generate the primary
waves (Fig. 9.3; blue arrow) that dominate at a close radial distance from the thermal
forcing and can be observed in the unstable layer. In addition, the heat source is also
considered to produce secondary waves (Fig. 9.3; purple arrow) that dominate at a further
distance and are easy to observe in the stable layer (Alexander & Holton, 2004; Nolan,

2020).

According to the wave generation mechanisms introduced in Chapter 2, we assume that

the heat source in the unstable layer generates the GWs through the pure thermal forcing

106



mechanism. In addition, we consider that the hurricane-induced GWs propagate vertically
upward in both layers depending on the wind conditions, following the mathematical two-

layer model proposed by Sayed (2014).

Specifically, the upward propagating GWs experience the background wind filtering if they
propagate in a similar (opposite) horizontal direction to the background wind, leading to
the decrease (increase) of the vertical wavelength and intrinsic frequency (Mukherjee et
al., 2010). When a strong horizontal wind is present, the GWs are trapped at their critical
level and eventually dissipate (Cowling et al., 1971). Figure 9.3 briefly illustrates the

trapping of the primary waves given the direction of the horizontal background wind.

Alternatively, overshooting convection exists when the temperature inversion caps the
convective boundary layer, which also excites the secondary waves (Fig. 9.3; green arrow)
in the stable layer above the tropopause. Similarly, the obstacle effect produces the GWs
that propagate in the opposite direction to the background wind, when the strong
stratospheric wind is present. These mechanisms usually contribute to the domination of

the secondary waves in the stable layer.

Hence, we think that the transition layer mainly serves two purposes. Firstly, when the
GWs propagate upward from the surface (cf., Fig. 9.3), the tropopause acts as a low-pass
filter and traps the primary waves in the unstable layer below via the background wind
filtering and the critical level filtering. Secondly, the tropopause also behaves as a
boundary layer at the base of the stable layer, which excites the small-scale secondary

waves through the overshooting convection and possibly the obstacle effect as well.

As introduced above, the two-layer convection is suitable for simulating the convection
regime of the hurricanes, as it connects the wave generation mechanisms in the UTLS

region to describe the GW generation. Moreover, the two-layer convection is also valid for
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simulating hurricanes of different intensities. As the hurricane intensity drops, the
tropopause becomes less active in trapping the primary waves, but more vigorous in

exciting the secondary waves in the stable layer.
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Chapter 10

Conclusions

10.1 Summary

This chapter concludes our analyses of the small-scale gravity waves (GWs) that are
generated by the hurricanes in the upper troposphere and the lower stratosphere (UTLS)
region. Specifically, we carried out the investigation using the high vertical resolution
temperature retrievals from the GPS-RO technique and the fine horizontal resolution wind
data from the ERA5 dataset. Four hurricanes of different intensities were selected namely,

Hurricane Dean (category 5), Julia (category 4), Bill (category 4) and Bertha (category 3).

We first presented the thermodynamics and the GW characteristics in the eyewall region.
The double-tropopause feature was observed with a temperature inversion around the
undisturbed tropopause altitude, which we considered as a favorable condition for the
occurrence of the overshooting convection. This result verifies the finding of Vergados et
al. (2014) who also used the GPS-RO temperature retrievals to study the eyewall

thermodynamics of different hurricanes.

For the first time, via the wavelet analysis, we observed the primary waves that are likely
generated by the pure thermal forcing mechanism. We also confirmed the generation of
the secondary waves that justifies the theoretical assumption of Stull (1976) regarding the
vertically propagating GWs produced by the overshooting convection. These findings are

innovative because for the first time, they connect our analytical results with the
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conceptual mechanisms that are widely accepted for the GW generation (Beres et al.,

2002; Kuester et al., 2008).

In addition, using the wavelet analysis, we uniquely provided the observational evidence
that verifies the concept of the background wind filtering (Cowling et al., 1971; Mukherjee
et al., 2010) that is, the GW vertical wavelength decreases for Dean and Julia while the
stratospheric GW wavelength increases for Bill. Similarly, we demonstrated the critical
level filtering where the primary wave generated by Julia was shifted towards a shorter

vertical wavelength and was eventually trapped below 20km altitude.

To the best of our knowledge, such illustrations have not been accomplished before. We
think that it was imperative and convincing to demonstrate the GW wavelength variability
with respect to the ambient background wind during the GW vertical propagation, more so
than simply comparing the GW properties at different altitude levels as presented in

previous studies.

Based on the wave-induced wind perturbations, we observed a spiral propagation of the
GWs in the troposphere for all hurricanes, which transited into a concentric ring structure
in the lower stratosphere. Our finding verified the modeled simulation of the GW spiral
propagation for Hurricane Joaquin (Wu et al., 2022) as well as the observational results
of the concentric GWs for Hurricane Matthew using the Aqua satellite measurements (Xu

et al., 2019).

We also noticed a dominance of the eastward-propagating GWs in the lower stratosphere
for most hurricanes as a consequence of both the background wind filtering and the
obstacle effect. This anisotropic wave field agreed well with previous studies, such as Kim
and Chun (2010) who observed a similar GW asymmetry for Typhoon Saomai (2006)

using numerical simulations.
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We found a significant intensity attenuation of the GWs (about 99% as almost constant)
for all hurricanes during the GW upward propagation that positively correlates to the GW
energy loss, justifying the numerical results presented in previous studies using Lidar
measurements (Zhao et al.,, 2022) and mathematical modeling (Stull, 1976). The
estimated GW intensity for different hurricanes also provided observational evidence that
verifies the strong correlation between the GW intensity and the hurricane intensity, as

suggested by Wu et al. (2022) through model simulations.

We studied the variation of the thermodynamics and the GW characteristics in different
regions of a hurricane. The temperature perturbations exhibit similar characteristics along
the same azimuth in the eyewall and the rainband region, while the perturbation magnitude
decreases with the radial distance. This result confirms the effects of the deep convection
distribution on hurricane intensity (Rogers et al., 2016) and further hypothesizes the
variability of the convection along the radial and azimuthal directions, which is described

for the first time.

For each selected hurricane, we found that the eyewall and the rainband region reveal a
common primary wave (4, = 3-20km) that usually dominates in the eyewall. In contrast,
the smaller-scale secondary wave seems to prevail in the rainband region (4, =~ 3.3-10km)
that propagates straight upward without been trapped. Our observation here is original

and precisely interprets the physics of the hurricane thermodynamics.

We continued our analysis by examining the GW behaviours as the hurricane intensity
drops. We found that the pure thermal forcing mechanism seems almost identical in
generating the primary waves for different hurricanes, but the likelihood of the
overshooting convection occurrence diminishes in weak hurricanes. In addition, the wind-

filtering effect appears to weaken as the hurricane intensity drops, which allows the
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primary waves to propagate upward and enter the stratosphere. Alternatively, the obstacle

effect seems to prevail in the lower stratosphere regardless of the hurricane intensity.

The variability of the GW generation and dissipation mechanisms with hurricane intensity
is @ major contribution of this work that differs from the similar studies. We inventively
identify the distinct GW types (Alexander & Holton, 2004) with respect to their wave
generation mechanisms, which overcomes the difficulties of distinguishing the GWs due
to their varying intrinsic frequency and spectral properties. The combination of the diverse
GW theories also helps to establish the missing link between the wave generation or

modification mechanisms with the observed wave properties.

We considered a two-layer convection model to simulate the convective regime of a
hurricane, similar to the mathematical model proposed by Sayed (2014). We believe that
the tropopause acts as a transition layer in this conceptual model, which traps the primary
waves at the bottom of the unstable layer and excites the secondary waves in the overlying
stable layer. The two-layer convection is still valid as the hurricane intensity drops, while

the trapping and the excitation of the GWs weaken accordingly.

Through a series of analyses and comparisons, we identified and described the GW
characteristics and their variations in hurricanes of different intensities. Our findings were
based on the numerical or the observational results, which verified a number of theories
that were heuristically concluded by the previous studies. We believe that the high vertical
resolution RO temperature retrievals and the tropopause behaviour are key to solve for
the small-scale GWs in the UTLS region. Lastly, we hope this work can contribute to filling

the gaps that exist in the current studies of the GWs and the hurricanes.
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10.2 Future work

Recent research has shown a rising interest in the small-scale GWs that are generated
via convection. The discussion in Chapter 2 also demonstrated a number of limitations for
the CGW parametrization as well as the GW source identification. More studies in these
areas are needed to better understand the coupling between the CGWs and the

atmosphere.

Specifically, the estimation of the GW intrinsic frequency using the GW linearized theory
is required to study the CGW variability and to accurately justify the wind filtering theory
(Fritts & Alexander, 2003). The asymmetric distribution of the diabatic heating and the
background wind shear is not fully understood yet, which introduces complicities in the
CGW parametrization (Choi et al., 2009; Kim & Chun, 2010). Furthermore, the analysis of
the vertical wind perturbation in a time-evolving model is needed to solve the time

variability of the CGWs with respect to the fast-developing background environment.

Moreover, the dynamics that modify the GWs at the tropopause level need to be further
studied and clarified, since the GW variations in this transition zone are significant. This
coupling helps to understand the breaking and the dissipation of the GWs, which possibly
also lead us to a detailed interpretation for the GW activities in the upper atmosphere

(Hung & Kuo, 1978).
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Appendix A

Algorithms of Least Squares Spectral Analysis

and Wavelet Analysis

Least Squares Spectral Analysis (LSSA) computes the optimum spectrum of an unequally
or equally spaced time (data) series with some of the constituents of known forms (Wells
et al., 1985). In the case of a time series, given a vector t with a series of observation

times, a vector f(t) with a series of observed values and a vector w with frequencies for
which the spectral values are required, the vector s(w) of the spectral values can be

computed.

The computation of the spectrum fits sinusoids (the base functions) to the input signal,

where the base functions are tabulated as an orthogonal matrix ¢ and the observations f

follows:
f=%c. €y

Here the designed matrix @ models the relationship between the observations f and the
unknow parameters c. The LSSA aims to find the best fitting estimation p to f with an

estimated coefficients ¢, where p reads as:

p= dc, (2)

so that the residuals ¥ = j_f -p is minimized following the least squares approach.
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The spectral values s are considered as a measure of the fractional content of f that is

represented by the frequency w. Therefore, the spectral values s can be computed via:

[~
~
IS

(3)

1%]
Il

[~
-ﬂ
[~

JUST software (Ghaderpour, 2021) implements the algorithm of the LSSA method. By
imputing the observation times and the observation values with a frequency band of
interest, the estimated frequency spectrum can be computed as the output from the
software. Based on the choice of significance level a (usually 0.01 or 0.05), a critical value
is also calculated for the spectrum, above which the spectral peaks are considered as
statistically significant. Advanced options are also provided to consider the weight, trend

or possible gaps of the input signal (Pagiatakis, 1999; Ghaderpour, 2021).

Similarly, the Least Square Wavelet Analysis (LSWA) computes the spectrogram for any
non-stationary and equally or unequally time (data) series with an associated covariance
matrix. To be specific, the LSWA decomposes a time series into the time-frequency
domain, which allows the detection of the short-duration signals as well as signals with a
changing frequency and/or amplitude (Ghaderpour & Pagiatakis, 2018). More information

on the concepts of the wavelet analysis can be found in Mallat (1999).

The computation of the spectrogram requires a proper segmentation of the input series
with a designed, translating window to calculate the spectral peaks for each segment
based on the LSSA method (ibid., 2018). The determination of the window size (number
of data points) and window length (length in the time or space domain) differ for an equally-

spaced and an unequally-spaced series.

The LSWAVE software (Ghaderpour & Pagiatakis, 2019) is designed for the LSWA

approach. Given the same input as the JUST software and an additional information of
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the desired time resolution for the output, the spectrogram can be computed as well as a
stochastic surface that demonstrates the statistical confidence level. Advanced options
are also provided to enter the known forms of the constituents and the numerical constants

that determine the translating window characteristics (ibid., 2019).
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