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Abstract

The Earth’s ionosphere is a partially ionized gas (plasma) that envelops the Earth from
approximately 60 to 1000 km in altitude, exhibiting a dynamic dispersive nature in space
and time. Characterizing and understanding the ionospheric irregularities is of paramount
importance because of their impact on the propagation of trans-ionospheric radio waves used
in applications such as satellite navigation and radio astronomy research.

The nighttime mid-latitude ionosphere is frequently perturbed with two main classes of
irregularities: medium-scale traveling ionospheric disturbances (MSTIDs) in the F region
and sporadic E (Es) in the E region. Earlier observations and theoretical analysis on such
ionospheric irregularities support the postulation of coupled E and F regions and coupled
conjugate hemispheres. The research of this thesis attempts at asserting this notion and
elucidating the causes and effects of the coupled ionosphere while using Global Navigation
Satellite System (GNSS) total electron content (TEC) measurements. For the last three
decades, the cost-effective use of GNSS has expanded our ability to monitor ionospheric
dynamics in great detail and near-real time. However, the study of the coupled ionosphere
using GNSS-TEC remains challenging due to the mixture of E- and F-region perturbations
under the commonly used single-thin-shell approximation. A coherent two-dimensional
(2-D) and three-dimensional (3-D) picture of the dynamics from both E and F regions is
essential in interpreting the physical underpinning.

In response to this problem, a double-thin-shell model has been developed to parame-
terize the integrated 3-D density perturbations, wherein the mid-latitude nighttime plasma
instabilities are assumed to be concentrated at E and F layers. By using the double-thin-shell
approach, four days with events of nighttime MSTIDs were used to investigate the E-F
coupling over Japan and interhemispheric coupling over Japan and Australia (geomagnetic
conjugate regions). For the first time, the morphology and dynamics of the ionosphere pertur-
bations in both E and F regions can be obtained simultaneously with ground-based GNSS
TEC. In the local E and F regions, reconstruction results support the E-F coupling theory: the
coexisting E- and F-region irregularities are interconnected by magnetic field lines, sharing
similar alignments, propagation directions and phase velocities. In the hemisphere-coupled
ionospheres, reconstruction results provide the evidence that F-region geomagnetic conju-
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gate irregularities in both hemispheres are mainly driven by the Es layers in the summer
hemisphere. The Es layer in the summer hemisphere subsequently triggers local E-F cou-
pling and interhemispheric coupling. Additionally, supplemented with multi-source data
from ionosondes, ICON (neutral wind), COSMIC (electron density) and Swarm (magnetic
field), observation results suggest that in the winter hemisphere, Es layers show dissipation
during the interhemispheric coupling process; thermospheric winds and non-equipotential
magnetic field lines are presumed candidates for the interhemispheric asymmetry in MSTIDs
amplitudes and growth rates.

Although the double-thin-shell model has proved to be effective for analyzing the E-F
coupling process, the missing height dimension in these 2-D analyses may pose limitations
on the information that we can infer. Therefore, a continuous and broad 3-D distribution
of ionospheric electron densities (IEDs) during the E-F coupling is required. In the 3-D
tomography for ionospheric irregularities, the reconstruction of Es layer is difficult due to
its thin thickness and the representation errors in tomography. To overcome these problems,
a novel 3-D computerized ionospheric tomography (CIT) technique has been developed
to reconstruct the daytime sporadic E by using the dense GNSS-TEC measurements over
Japan. The vertical solutions in the E region were constrained by using the time-dependent
empirical orthogonal functions (EOFs) from a Chapman model function tuned to manually
scaled ionosonde observations. A similar method was then applied to the simultaneous 3-D
reconstruction of E- and F-region irregularity structures during the E-F coupling. For the first
time, the altitude-time variation of the irregularities in both E and F regions can be tracked
by CIT with ground-based GNSS-TEC. During the E-F coupling process, a small rise in the
Es layers was observed, and the height of F2 peak layer varies in the ∼5–50 km range, which
is anti-correlated with the F-region perturbations. These 3-D reconstruction results further
suggest that the electrodynamic forces dominate the morphology and dynamics of Es and
MSTIDs during the nighttime coupling process.
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Chapter 1

Introduction

The Earth, in altitudes of about 60 to 1000 km, is engulfed by a dispersive chaotic dynamic
quasi-neutral plasma (ionosphere) stratified in layers/regions labeled D (below 90 km), E
(90–150 km) and F (150–500 km). At mid- and low-latitudes, two primary ionospheric
irregularities are frequently observed: sporadic E (Es) in the ionospheric E region and
medium-scale traveling ionospheric disturbances (MSTIDs) in the F region. Both of these
irregularities exhibit an occurrence highly correlated with intense trans-ionospheric signal
scintillations, which may lead to the information loss and phase slips due to lock-off of
satellite signals. The drastic increase and ubiquitous day-to-day dependence of complex
inter-connected technological networks on precise space-borne communications or trans-
ionospheric signals have elevated the demand to understand and characterize such ionospheric
irregularities.

Sporadic E (Es) are thin layers of metallic ion plasma occasionally appearing at altitudes
of ∼100 km in the ionospheric E region (e.g., Whitehead, 1989). MSTIDs are wave-
like plasma density perturbations in the F region with horizontal wavelengths of a few
hundred kilometers, phase velocities of ∼100 m/s, and periods between 15 to 60 min
(Hunsucker, 1982). One of the intriguing aspects of nighttime mid-latitude Es and MSTIDs
is the shared northwest-southeast (NW-SE) (northeast-southwest; NE-SW) aligned frontal
structures propagating towards the equator-westward direction in the Northern (Southern)
Hemisphere. Electrodynamic mechanisms, that is, the Es-layer instability in the E region
and the Perkins instability in the F region, are suggested as the probable mechanisms
behind these irregularities with directional preference (e.g., Tsunoda and Cosgrove, 2001).
However, recent simulation works have found that the growth rates of typical MSTIDs
cannot be satisfied by a standalone Perkins instability and inferred a coupled effect involving
the Es-layer instability coupled to the Perkins instability (Cosgrove and Tsunoda, 2004;
Tsunoda, 2006; Yokoyama et al., 2008). Figure 1.1 shows a schematic diagram of the spatial
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relationship between Es and MSTIDs in the Northern Hemisphere during the E-F coupling
process. Geomagnetic field lines (B) connect the irregularities in two regions, which share
a similar wavefront, a common propagation direction, and phase velocity. In fact, the E-F
coupling process is more intricate. Studies have found that MSTIDs are simultaneously
observed in geomagnetic conjugate regions of different hemispheres with matching crests
and troughs (Otsuka et al., 2004). In this interhemispheric coupling process, the polarization
electric fields generated by E- and F-region irregularities can be mapped to the opposite
hemisphere along the geomagnetic field lines, thus generating the geomagnetic conjugate
MSTIDs in different hemispheres, as shown in Figure 1.2.

Fig. 1.1 Sketch of the spatial relationship between nighttime Es and MSTIDs in the Northern
Hemisphere during the E-F coupling. Adapted from Liu et al. (2019).

In the recent years, the ionospheric local E-F and interhemispheric coupling processes
have been analyzed by numerical simulations (Cosgrove, 2007; Cosgrove and Tsunoda,
2004; Tsunoda and Cosgrove, 2001; Yokoyama, 2014; Yokoyama et al., 2009) and joint
observational experiments (Hysell et al., 2018; Liu et al., 2019, 2020; Narayanan et al., 2018;
Otsuka et al., 2007; Saito et al., 2007; Xie et al., 2020). There is a belief that the generation
and development of MSTIDs and conjugate MSTIDs could be related to many factors, such
as Es layers, thermospheric winds, and electric/magnetic fields. However, due to the lack of
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Fig. 1.2 Schematic diagram of the interhemispheric coupling process.

a broad simultaneous observation of ionospheric E and F regions in both hemispheres, the
causes and effects of E-F and interhemispheric coupling are not yet fully understood.

For the last three decades, the cost-effective use of Global Navigation Satellite System
(GNSS) has expanded our ability to monitor ionospheric dynamics in great detail and near-
real time. Total electron content (TEC) is a vital parameter in the study of ionospheric
dynamics, which refers to the integration of electron density along the signal propagation
path and can be effectively measured by the dual-frequency GNSS receivers. Densely
distributed regional and global GNSS receivers have offered a window to probe the structure
and analyze the evolution of ionospheric dynamics in detail. However, such two-dimensional
(2-D) information has both E- and F-region irregularities intermingle. In addition, most
studies have focused only on the simplistic 2-D ionospheric structures, especially in the F
region where electron density concentration dominates in the ionosphere. To determine the
causes and effects of the coupled ionosphere, information from both the ionospheric E and F
regions are important .

The purpose of this thesis is to provide a comprehensive analysis of the irregularity
evolution and the key factors that cause and control the local E-F and interhemispheric cou-
pling. Research focuses on the ionosphere over Japan where different types of ionospheric
observations are prevalent. Data over Australian continent, the geomagnetic conjugate region
of Japan, are also used to analyze the coupling process between different hemispheres. TEC
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measurements from regional dense GNSS receiver network are used to reconstruct the 2-D
and three-dimensional (3-D) structures of both Es and MSTIDs with high spatiotemporal
resolution and high precision. Additionally, data from multiple instruments such as ionoson-
des, radars, and space-based observations, are also incorporated into the analysis to provide
information on the plasma density structuring, thermospheric wind, and electric/magnetic
field variations, which can help interpret the MSTID generation and development mecha-
nisms in the E-F coupling and interhemispheric coupling process. This research is expected
to contribute to and/or connect to wide different fields, such as ground-based augmentation
system (GBAS) in GNSS application, as well as improved skills in predicting and mitigating
ionospheric signal scintillation, especially over Japan.

This thesis is divided into six chapters. Chapter 2 provides the background theory
pertaining to the Earth’s ionosphere, discusses various techniques used to measure ionospheric
parameters, and describes more in-depth review of mid-latitude Es and MSTIDs. A novel
method of double-thin-shell model for 2-D reconstruction of E-F coupling over Japan is
presented and discussed in Chapter 3. In Chapter 4, several cases of nighttime MSTIDs
are analyzed to study the E-F and interhemispheric coupling processes in Japanese and
Australian longitudinal sector by using GNSS observations as well as multi-source data. In
addition to these 2-D reconstructions and analyses, chapter 5 discusses the 3-D tomography
for ionospheric irregularities,including daytime Es and nighttime E-F coupling. Chapter 6
gives final summary and conclusions.



Chapter 2

Background Theory

2.1 The Ionosphere

The Earth’s atmosphere surrounds the Earth and is the basis for all life on Earth. The
atmosphere is mainly composed of nitrogen, oxygen and argon. Additionally, some trace
gases are present, such as methane, carbon dioxide, ozone, and several noble gases, as well
as water vapor in varying amounts. The typical atmospheric composition above 100 km is
shown in Figure 2.1.

This thesis focuses on the Earth’s ionosphere, an important part of the atmosphere that
extends from ∼60 to 1000 km above the sea level. This region consists of ionized gas
(plasma), which is produced by ionization process due to radiation from extreme ultraviolet
(EUV) and high-energy X-rays; at the same time, from a macroscopic point of view, the
created plasma is of charge neutrality and remains in dynamic equilibrium through the
recombination process. Although the plasma content is significantly less than that of neutral
gases, these charged particles profoundly influence the ionospheric properties. Characterizing
the ionosphere is therefore important due to its spatial and temporal dynamic dispersive nature,
which influences the propagation of trans-ionospheric radio waves utilized in applications
such as satellite navigation, surveillance communication, and radio astronomical studies.

2.1.1 Ionization and Recombination Processes

The energy for producing ion-electron pair (ionization) mainly comes from the solar EUV ra-
diation (for the day-side Earth) and X-rays (for the night-side Earth) (Kelley, 2009; Nishimura
et al., 2021). Usually, the ionization process in the ionosphere is described by the following
equations

A+hv → A++ e− (2.1a)
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Fig. 2.1 Typical daytime atmospheric composition based on some experimental data. Adapted
from Kelley (2009).

AB+hv → AB++ e− (2.1b)

where A and AB are the neutral atoms and molecules, A+ and AB+ denote the ions generated
from ionization process, hv represents the energy from incident photon, and e− is the free
electron.

Recombination process is defined as the combination of an ion and an electron to form
a neutral molecule or atom, the efficiency of which depends mainly on the mean free path.
Therefore, recombination is more pronounced at lower altitudes of the ionosphere where
neutral particle density is larger. The recombination (ionospheric loss process) usually have
two different types, as manifested in Equation (2.2). The slow and fast recombination are
radiation and dissociation processes, respectively (Ratcliffe et al., 1972):

A++ e− → A+hv(slow) (2.2a)

AB++ e− → A+B(fast) (2.2b)

The factor that limits the peak plasma density is the recombination rate, which in turn
depends heavily on the type of ion present in the plasma and its corresponding interaction
with the neutral gas (Kelley, 2009). Throughout the recombination process, the ionosphere
maintains its state of dynamic equilibrium. The variation of electron density can be explained
by the combination of photochemical equilibrium and advection. The ion continuity equation
can be expressed as (Rishbeth and Garriott, 1969)

∂ni

∂ t
= (Pi −Li)−▽·nivi (2.3)
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where ni represents ion density, Pi and Li are the rates of production and loss, ▽·nv indicates
the ion transport and diffusion, which is strongly associated with magnetic field.

2.1.2 Composition of the Ionosphere

The Earth’s atmosphere is vertically stratified and can be classified by a representative
temperature profile, as shown in Figure 2.2. Troposphere is located at an altitude of ∼10–15
km, and is the lowest region in the atmosphere. Due to adiabatic cooling, the temperature
continues to decrease with increasing altitude. In the stratosphere, the temperature increases
due to the presence of ozone (∼10–50 km). The ozone molecules absorb the UV radiation
from the Sun and subsequently release thermal radiation. In the mesosphere (∼50–85 km),
the minimum temperature is associated with the absence of ozone and effective heat transfer.
At ∼85–600 km altitudes, the absorption of solar radiation leads to the rapidly increased
temperature in the thermosphere.

In the atmosphere, particles at altitudes >60 km are weakly ionized. Therefore, this
region is usually referred to as the ionosphere. The Earth’s ionosphere in some sense forms
the interface between the atmosphere and space (Kelley, 2009). The distribution of ions and
electrons is not uniform due to the absorption of solar radiation of different wavelengths at
different altitudes. The combination of ionization, recombination, and exponential increase
in neutral atmospheric density with decreasing altitude provides a simple explanation for
the vertical profile of the ionosphere, as shown in the rightmost subplot of Figure 2.2. From
this subfigure, the ionosphere consists of the whole thermosphere, part of the mesosphere
and the exosphere (above 600 km; not shown in this plot), and can be divided into different
layers according to the plasma density, i.e., D (about 60–90 km), E (about 90–150 km), and
F regions (about 150–500 km). The main characteristics of ionospheric D, E, and F layers
are shortly summarized in Table 2.1.

Table 2.1 Main characteristics of different ionospheric layers

Layer D E F
Altitude range 60–90 km 90–150 km 150–500 km
Prevalent ions H3O+, NO−

3 O+
2 , NO+ O+

Typical electron density
(daytime) ∼108–1011 m−3 ∼1011 m−3 ∼1012 m−3

Typical electron density
(nighttime) – ∼1010–1011 m−3 ∼1011–1012 m−3

The ionospheric F region is the main contributor to the trans-ionospheric signal scintil-
lation due to its variability and high electron concentration (∼1011–1012 m−3). During the
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Fig. 2.2 Typical profiles of the Earth’s atmosphere. Adapted from Rocken et al. (1997).

daytime, the F layer is splitted into F1 and F2 layers. The F2 layer is at altitudes from ∼200
km up to the height of plasma density peak, where the plasma density is larger compared
to the F1 layer at lower altitudes. The F2 layer arises due to a decrease in the degree of
ionization and recombination during the day. At night, electron densities at F1 layer decay
significantly.

The electron concentration in the ionospheric E region (∼1010–1011 m−3) is lower than
that in the F region. At altitudes around 100 km, clouds of enhanced electron density
are occasionally generated and can also lead to ionospheric irregularities and cause trans-
ionospheric signal scintillations.
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The D region has the least amount of ionization (∼108–1011 m−3 ). In this region, the
recombination rates are extremely high due to the relatively high density of neutral particles,
which leads to the disappearance of D region at night.

2.1.3 Variation Characteristics of the Ionosphere

The ionosphere is controlled by basic ionospheric physics, mainly photochemical equilibrium
(at lower altitudes) and plasma transport (at higher altitudes) (Qian et al., 2008). Photochemi-
cal process is the basic mechanism of the ionosphere, which mainly affect the production and
disappearance of charged particles. Transport mechanism refers to a series of thermodynamic
(e.g., radiation absorption and heat exchange in the thermosphere and ionosphere), kinetic
(mainly including a series of fluctuations and circulation in the thermosphere), and electrody-
namic (the movement of charged particles in the electromagnetic field and possible contact
or collision with neutral molecules) processes that allow the transport of charged particles
from one location to another. The complicated characteristics exhibited by the ionosphere in
space and time are mainly caused by these mechanisms, which vary with time, geographic
location (latitude, longitude), solar activity, magnetospheric and bottom atmospheric activity
(McNamara, 1991).

The ionization in the ionosphere is mainly caused by the Sun. Due to the more intense
solar radiation in equatorial region, the electron density is significantly higher at low latitudes,
leading to a more pronounced latitudinal variation. The Earth revolves on its own axis, which
leads to the diurnal variations of ionosphere. The ionospheric plasma density shows an
increase after sunrise and reaches a maximum in the afternoon. The variation of electron
density does not exhibit a strong solar zenith angle dependence (approximately 0◦ at noon
and 90◦ at sunrise and sunset), because the F2 layer where electron density concentration
dominates in the ionosphere is mainly influenced by plasma transport mechanisms. During the
night, the ionospheric electron density decreases again. The decrease in electron density in F2
layer and lower regions (F1, E, and D regions) are associated with the recombination process
and photochemistry, respectively. The Earth revolves around the Sun, which causes the
variation of the position of sunlight incident on the Earth and triggers the seasonal variations
of the ionosphere. The ionospheric electron density shows higher values in the hemispheric
summer due to the higher ionization levels. The maximum time scale of ionospheric variation
corresponds to the solar activity cycle, which is about 11 years. Different solar activities
result in different ionization of the ionosphere, thus causing different ionospheric electron
densities.

In addition to the regular variations, the ionosphere study is complicated and difficult
to summarize and predict due to the irregular variations caused by sudden changes in solar
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radiation and high-energy cosmic rays, neutral atmospheric fluctuations and geomagnetic
disturbances. For example, solar flare with sudden enhanced solar radiation may trigger
ionospheric storms, producing strong density enhancement or depletion in the ionosphere.
In addition, traveling ionospheric disturbances (TIDs) are wave–like plasma density in the
ionosphere. Most of them are caused by atmospheric gravity waves (AGWs), produced
by ion-neutral molecular collisions (Hines, 1960). However, the generation mechanism of
the nighttime mid-latitude MSTIDs (classified by wavelengths) is mainly associated with
electrodynamic forces, which is the focus of this thesis.

2.2 Ionospheric Sounding Techniques

The discovery of the ionosphere came from the observation of radio waves. In the early
20th century, by using the ionosphere, Marconi transmitted the first radio signals over the
Atlantic Ocean. In 1902, Heaviside and Lodge attributed this phenomenon to the reflection
of radio waves on free electrons. The existence of the ionosphere was not confirmed until
1924 when Appleton conducted radio wave experiments. Since then ionospheric physics
as a discipline has emerged and developed with the aim of understanding the origin of the
ionized upper atmosphere and its effect on radio wave propagation. The ionospheric study
is important for human society because the ionosphere can exert great impacts on the radio
wave propagation. On the one hand, industries such as radio and television stations, use the
ionosphere for long-distance or even global radio broadcasts. On the other hand, ionospheric
irregularities can strongly interfere with radio signals, which greatly reduces the reliability of
applications that use trans-ionospheric signals. In such cases, corrections must be made to
these applications.

From another point of view, it is these different ionospheric measurement techniques
(radio wave observations) that allow us to better understand how the ionosphere varies in
time and space. Generally, the ionospheric sounding methods can be divided into two main
types: in situ and remote sensing techniques. An example of the former is sounding rockets,
which can be used for detecting the composition of the ionosphere at lower altitudes (e.g.,
Gylvan Meira Jr, 1971). In fact, to meet the needs of long-time and large-scale ionospheric
observation, most of the current data sets rely on the latter, i.e., remote sensing techniques.
In the following, the basic principles of several frequently used remote sensing techniques
for ionospheric sounding will be shortly introduced, including ionosondes, incoherent scatter
radars, GPS, and radio occultation.
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2.2.1 Ionosonde

The ionosonde can yield vertical profiles of ionospheric electron density up to, but not
exceeding, the height of the highest concentration of charged particles. Currently, ionosondes
are one of the most accurate tools for measuring ionospheric parameters.

The ionosonde modulates time-varying pulses with a frequency band of ∼0.1–30 MHz,
transmits signals vertically to the zenith and receives reflected echoes at the same location
(Rodger and Jarvis, 2000). In the ionosphere, radio waves are reflected when the critical
frequency of radio waves ( fc) is equal to the plasma frequency ( fp), at which point the
refractive index n equals zero (signals with frequencies above fc will penetrate the ionosphere
without reflection). From the law of refraction, fc can be expressed as

fc =
1

2π

√
e2Ne

meε0
(2.4)

where e is elementary charge, Ne is electron density, me is electron mass, and ε0 is the
permittivity of free space.

After measuring the time delay (τ) of signal propagation for each single frequency, the
relationship between the virtual height (h′ = 1

2cτ , c is the speed of light) of the ionosphere
and the corresponding signal frequency can be obtained (i.e., vertical ionogram), which
allows us to derive the ionospheric electron density profile. The reason we call h′ virtual
height is that according to the Snell’s law, radio waves do not propagate as fast in a charged
medium as they do in a vacuum. That is to say, h′ is not true and is generally larger than the
real height of reflection point. More details on the ionosonde derivation process for electron
density profiles can be found at Huang and Reinisch (1996). To solve the problem that
ionosonde cannot provide information above the height of F-region electron density peak,
ionosondes payloads were also deployed on the satellite, e.g., Alouette and ISIS satellites
(Barrington and Hartz, 1968; Bilitza et al., 2004).

2.2.2 Incoherent Scatter Radar

The proposed system theory of incoherent scatter radar (ISR) can be traced back to about 70
years ago (Gordon, 1958). Since then, ISR has become a powerful instrument for measuring
ionospheric plasma bulk properties in terms of electron density, electron/ion temperature, and
ion drift velocity, which has greatly contributed to the analysis and study of the ionosphere.

Unlike ionosonde, based on the scattering of radio waves on free electrons, ISR can
detect information at all altitudes of the Earth’s ionosphere and provide height profiles of
ionospheric parameters as a function of time. ISR operates in the frequency of about 40–1300
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MHz, which is much higher than the plasma frequency in the ionosphere (Beynon and
Williams, 1978). The pulsed signals emitted by this radar can penetrate the ionosphere,
with a small portion of the incident electromagnetic waves being scattered by ionospheric
electrons due to the Thomson Scatter effect and then received by ISR. More details of the
ISR measurements can be found at, e.g., Woodman and Hagfors (1969), Schunk and Nagy
(1978), and Rodrigues (2008).

In the early days, to increase the signal-to-noise ratio (SNR), ISRs were designed with
high-powered pulsed signal transmitters and mechanically rotating large-aperture antennas,
which brought about the defects of bulky and complex systems; nowadays, to solve these
problems, phased-array radars are being developed vigorously. In some cases, ISRs can
be equipped with steerable antennas or multiple antenna baselines and can provide two- or
three-dimensional information about the ionosphere.

2.2.3 GPS

Total electron content (TEC) is an important parameter in the study of ionosphere, which
represents the integrated value of electron density along the line of sight (LOS) from a
transmitter to a receiver (1 TEC unit (TECU)=1016 el/m2). The ionosphere, as a dispersive
medium, affects the propagation of radio waves (causing group delay and phase advance),
which is proportional to the frequency and ionospheric electron density (Ma et al., 2014).
To this effect, the cost-effectiveness and rapid development of the GNSS infrastructure,
particularly receivers, has effectively broadened the spatial and temporal scales over which
ionosphere dynamics are probed. Currently, ground-based GNSS receivers with a consid-
erable number are distributed around the world. Among the GNSSs, the most well-known
is the Global Positioning System (GPS), developed and established by the United States.
Nowadays, other countries have also developed their own positioning systems, e.g., Global
Orbiting Navigation Satellite System (GLONASS) by Russia, Galileo by European Union,
and BeiDou by China. Although many receivers started tracking multiple GNSS satellite
constellations, this research mainly focuses on the GPS.

The architecture of the GPS system is divided into three main sections: the Space
Segment, the Control Segment, and the User Segment, which corresponds to GPS satellite
constellation, stations that monitors the status of the control satellite and decides to send
commands and uplink signals, and user GPS receivers, respectively. The GPS satellite orbital
altitude is approximately 20,200 km and the constellation consists of six orbital planes
with an orbital inclination of 55◦ and an angle of 60◦ between adjacent orbits. This design
makes the GPS space segment require a minimum of 24 satellites to ensure that at least four
satellites are visible simultaneously from any location on the ground (except for the Antarctic
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and Arctic regions), thus allowing the receiver to resolve location information. To keep the
system working in the event of a satellite failure and to enhance its performance, GPS is
now operating as a 32-satellite system with significantly enhanced global coverage. The
following describes the principle of ionospheric TEC measurement using ground-based GPS
observations.

TEC acquisition using dual-frequency observations

In the ionosphere, the refractive index is related with the density of free electrons (Ne) and the
frequency of the radio wave ( f ). In 1932, Appleton studied the theory of the influence of the
upper atmosphere on electromagnetic waves and summarized the formula for the refractive
index in the ionosphere, called the Appleton-Hartree Equation (Appleton, 1932):

n2 = 1− X

1− jZ − Y 2 sin2
θ

2(1−X− jZ) ± [ Y 4 cos4 θ

4(1−X− jZ)2 +Y 2 cos2 θ ]1/2
(2.5)

In this equation,
X = Nee2/ε0mω

2 = f 2
p/ f 2 (2.6a)

Y = eB/mω = fh/ f (2.6b)

Z = fv/ f (2.6c)

where n is the complex refractive index, fp is the plasma frequency, fh is the electron
cyclotron frequency, fv is the electron-neutral collision frequency, ω is the angular frequency
of traveling wave, B is the magnitude of the geomagnetic field, θ is the angle between the
propagation vector of the incident wave and the direction of the geomagnetic field.

For electromagnetic waves at high frequency (HF) band or higher (e.g., GPS signals), the
phase refractive index (np) in the ionosphere can be simplified from Equation (2.5) as

np = 1− e2Ne

8π2ε0me f 2 (2.7)

The group refractive index (ng) is related to the phase refractive index (np) by the following
relationship:

ng = np + f
dnp

d f
(2.8)

Thus, from Equations (2.7) and (2.8), the group refractive index (ng) is given by

ng = 1+
e2Ne

8π2ε0me f 2 (2.9)
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After denoting b = e2

8π2ε0me
, the phase advance (∆tp) and the group delay (∆tg) caused by the

ionosphere to the radio wave can be calculated from

∆tp =
∫

l

1
c
(np −1)dl =− b

c f 2

∫
l
Nedl =− b

c f 2 TEC (2.10)

∆tg =
∫

l

1
c
(ng −1)dl =

b
c f 2

∫
l
Nedl =

b
c f 2 TEC (2.11)

where TEC =
∫

l Nedl is the integral of the electron density in the propagation path and is
generally denoted as VTEC (vertical TEC) when its ray path is perpendicular to the ground
plane, and as STEC (slant TEC) otherwise.

The GPS satellites broadcast information on two L-band carrier signals (currently L1
and/or L2 with an additional L5 available in the near future). With a dual-frequency receiver,
two observables for the receiver-satellite range measurements at each operating band, i.e.,
the pseudorange (Pi) and the carrier phase (Li) observations, can be generated as

Pi = ρ + c(δt −δs)− Ii +T + ε (2.12)

c
fi

Li = ρ + c(δt −δs)+ Ii +T +
c
fi

Ni +
c
fi

w+ ε
′ (2.13)

where i is 1 or 2 corresponding to f1 (1.57542 GHz) or f2 (1.2276 GHz) frequency, ρ is the
actual distance between receiver and satellite, δt and δs are the errors from receiver clock
and satellite clock, respectively, Ii is the ionospheric correction corresponding to fi, T is the
tropospheric delay, Ni is the integer ambiguity of Li, w is the wind-up term, and ε and ε ′ are
the other errors and the noises in the observations (Lu et al., 2021b).

From Equations (2.8)–(2.13), the TEC from a satellite to a receiver can be obtained from
the difference between pseudorange measurements,

TECg =
( f1 f2)

2

b( f 2
1 − f 2

2 )
(P2 −P1) (2.14)

and the difference between carrier phase measurements,

TECp =
( f1 f2)

2

b( f 2
1 − f 2

2 )

(
cL1

f1
− cL2

f2
+

cN1

f1
− cN1

f1

)
(2.15)

In principle, TECg and TECp should be equal to each other. However, due to the 2π

ambiguity in the phase measurements, TECp from the differential phase is a relative value but
with a higher precision; the TECg extracted from pseudoranges contains larger observation
noise (Ma et al., 2014). In order to obtain the STEC with a high precision, a differential
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phase-dependent baseline (Brs) is introduced by fitting TECp to TECg (Mannucci et al.,
1998)

Brs =
∑

M
i=1(TECgi −TECpi)sin2

αi

∑
M
i=1 sin2

αi
(2.16)

where M is the number of measurements without a cycle slip, αi is the elevation angle from
the receiver to the satellite. In this process, the unknown integer ambiguities in TECpi are
abandoned. In Equation (2.16), sin2

αi is a weighting factor to increase the reliability caused
by multi-path effects in pseudorange measurements at low elevation angles. After smoothing,
the STEC with high precision can be obtained:

TEC = TECp +Brs (2.17)

Figure 2.3 shows an example of STEC obtained from phase measurements (left), pseu-
doranges measurements (middle), and pseudorange-leveled carrier phases results (right).
Therefore, it is clear that the STEC obtained from pseudorange-leveled carrier phases is
free of ambiguities and has lower noise and multi-path effects than that from the phases and
pseudoranges.

Fig. 2.3 STEC obtained from phase measurements (left), pseudoranges measurements (mid-
dle), and the leveled method (right). Adapted from Ma et al. (2014).

With this method, in the obtained TEC, effects on phase and pseudorange common to
both frequencies (e.g., clock offsets, tropospheric delay) are removed, but frequency-related
effects are still present (e.g., multi-path and the differential instrumental biases) (Ma et al.,
2014). In addition, TEC measurements with satellite elevation angles (α) smaller than 35◦

usually need to be excluded to suppress the multipath effect. This setting was also adopted in
this research.

Single-thin-shell model

In the ionospheric study, for simplicity and uniformity of calculation, a single-thin-shell
model assumption is usually used to convert STEC to VTEC. This model assumes an
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infinitesimally thin layer at a constant height (hs) represents the whole 3-D ionosphere. The
geometric relationship is shown in Figure 2.4, wherein R represent receiver. Compared with
other models, the single-thin-shell model has a simple structure and can effectively model
the ionosphere in most cases.

Fig. 2.4 The geometric relationship in single-thin-shell model.

In the single-thin-shell model, the ionospheric height (hs) is generally set to the height
of the electron density peak (usually at 300–450 km) in order to keep the total amount of
electrons approximately equal above and below the single-layer height (Sardon et al., 1994);
the total electron content along the ray path from the receiver to the satellite is assumed to be
concentrated at the intersection of the ray path with the single layer, i.e., the IPP (ionospheric
pierce point; the red dot in Figure 2.4). The zenith angle on the line between IPP and the
satellite can be calculated as

χ = arcsin
(

Re cosη

Re +h

)
(2.18)

where Re is the mean Earth radius, η is the elevation from the receiver to the satellite.
Therefore, the absolute VTEC at IPP can be obtained as

VTEC = (sTEC−br −bs) · cos χ (2.19)

where sTEC is the observed STEC, br and bs are the instrumental biases from receiver and
satellite, respectively.

Usually, the instrumental biases are solved by a grid method to determine the absolute
TEC. The grid method divides the entire 2-D ionosphere into a number of grids and assuming
that the VTEC at a particular time is considered to be identical at any point within one grid
block. Generally, the instrumental biases (br and bs) are assumed to remain stable within
one day (Ma and Maruyama, 2003). For each epoch, with many receivers and satellites, an



2.2 Ionospheric Sounding Techniques 17

overdetermined matrix can be constructed as

· · · · · · · · · · · ·
0 sec χ( j−1)k 1 1
· · · · · · · · · · · ·
0 sec χ jk 1 1
· · · · · · · · · · · ·
0 sec χ j(k+1) 1 1
· · · · · · · · · · · ·





· · ·
VTECi

· · ·
bs j

· · ·
brk

· · ·


=



· · ·
sTEC( j−1)k

· · ·
sTEC jk

· · ·
sTEC j(k+1)

· · ·


(2.20)

where i, j, and k represent the serial number for grid, satellite, and receiver, respectively.
We can use mathematical methods, such as least squares, to fit and obtain optimal solutions
to a overdetermined matrix consisting of many observations over an epoch. In addition to
the grid method, many other methods can also be used for determining the absolute TEC,
such as Kalman filtering approach (Sardon et al., 1994), neural network parameter estimation
method (Ma et al., 2005), 2-D polynomial fitting model (Lanyi and Roth, 1988), and spherical
harmonic function (Schaer et al., 1996).

2.2.4 Radio Occultation

The principle of radio occultation was first announced by Pannekoek in 1904. In the 1960s,
JPL (Jet Propulsion Laboratory) refined the concept and proposed the use of occultation for
atmospheric sounding (Fishbach, 1965; Fjeldbo and Eshleman, 1968). After the development
of GPS in the late 1980s, the navigation signals were used for occultation to detect the Earth’s
atmosphere. The GPS/MET experiment in 1995 verified the feasibility of radio occultation
method for the atmospheric detection (Hajj and Romans, 1998).

Radio occultation observation uses a constellation of Low Earth Orbit (LEO) satellites
to receive the dual-frequency signals from GNSS satellites. Because of the lower orbit,
LEO satellites have a larger orbital speed than GNSS satellites. During the revolution, the
fast-moving LEO satellites track the ascent or descent of the GNSS satellite behind the
Earth’s limb. Therefore, radio occultation can obtain information of the atmosphere from the
trans-atmospheric radio signals. The main occultation system currently in use is COSMIC
(Constellation Observing System for Meteorology, Ionosphere, and Climate), which was
successfully launched on April 14, 2006 by the United States in cooperation with Taiwan.
Six satellites in COSMIC-2 mission are operational after June 25, 2019, providing uniform
global data coverage with several thousand electron density profiles daily, especially near the
equatorial region (Cherniak et al., 2021). The scheme of COSMIC radio occulation remote
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sensing is shown in Figure 2.5, wherein G1 is the occulted navigational satellite, G2 is the
reference satellite, L is the LEO satellite receiver, Gn· · ·Gn+2 are satellites for measuring the
orbital parameters of low orbital satellites, and A is the ground-based station for receiving
radio occultation observation and data analysis (Liou, 2010).

Fig. 2.5 Scheme of COSMIC radio occulation remote sensing. Adapted from Liou (2010).

The duration of one occultation event for atmospheric detection is about 5 minutes.
Generally, for ionospheric observation by using ocultation, the sampling rate is 1 Hz (vertical
resolution of ∼2 km) from the LEO altitude to around 50–60 km. In radio occultation,
the satellite-receiver ray path is not a straight line due to the ionospheric refractive index.
However, the bending angles of the GPS carriers ( f1 and f2) when crossing the ionosphere
are quite small and can be ignored (the vertical altitude distances affected by the bending
angle are on the order of several kilometers) (Schreiner et al., 1999). Therefore, the at-
mospheric parameters, such as ionospheric electron density, atmospheric temperature and
humidity, can be derived after using the Abel integral transform (Arras, 2010). The details of
occultation data retrieval can be found at Liou (2010) and Schreiner et al. (1999). One of
the advantages of occultation measurements is that they are not limited by geography and
can be distributed to various locations around the globe for space-based observations of the
ionosphere. However, because of its fast movement, radio occultation is not able to record
the ionospheric parameters in a significantly small area and over a continuous period of time.

2.3 Overview of Es

Sporadic E (Es) refer to thin layers (0.6–2 km) of metallic ion plasma at the lower ionospheric
E region (∼95–120 km) (Houminer et al., 1997; Whitehead, 1989; Wu et al., 2005). In this
region, collisions with neutral particles significantly affect the motion of ions, so that ions
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moves with wind and electrons remain magnetized (Haldoupis, 2012). After the invention
of ionospheric sounding techniques, sporadic E layers have been studied intensively over
many years, by using ionosondes (Whitehead, 1972, 1989), radars (Miller and Smith, 1975),
rockets (Yamamoto et al., 1998), GNSS (Maeda and Heki, 2014), and radio occultation
(Arras and Wickert, 2018). In the Northern Hemisphere, a typical horizontal wavelength
of ∼100 km is observed for the frontal structure of mid-latitude Es, propagating northward
in the morning, southward in the afternoon, and southwestward in the evening with speeds
of 30–100 m/s (Maeda and Heki, 2015; Sinno et al., 1964). Sporadic E can last from a few
minutes to several hours, causing scintillations on radio waves due to their strong vertical
electron density gradient, which is proportional to the radio frequency.

Currently, the "wind shear" theory is widely accepted for explaining the Es generation
mechanism (e.g., Axford, 1963; Whitehead, 1961), in which vertical shears in horizontal
neutral wind can cause long-lived metal ions to move in the vertical direction and converge
into thin and dense plasma layers, under the combined action of ion-neutral collisional
coupling and geomagnetic Lorentzian forcing (Haldoupis et al., 2006). By using a high-
resolution Ca+ lidar, Ejiri et al. (2019b) have observed the occurrence of Kelvin–Helmholtz
instabilities (producing turbulence coupled to the plasma) in the neutral atmosphere whose
density changed temporarily or spatially. In this region, it is reasonable to assume the
presence of slowly recombining metal ions, since the major components in this altitude
range (NO+ and O+

2 ions) can affect the generation efficiency of large density enhancements.
Metal ions, such as Fe+, Na+, Mg+, and Ca+, mainly come from the evaporation of small
micrometeorites that cross the Earth’s orbit (Kopp, 1997). These metal ions can last for
several days and are transported by atmospheric dynamics, accompanied by electrons moving
along the magnetic field lines to maintain charge neutrality (Plane, 2003).

The ion momentum equation can be used for describing the Es formation. Usually,
the simplified form ignores the pressure gradient forces at the E-region height and the
electric field forces at middle and low latitudes (Chimonas and Axford, 1968). Then the ion
momentum equation in steady state is simplified to include only ion-neutral collisions and
geomagnetic forces (Haldoupis, 2011)

miυi(vi −Un)− evi ×B = 0 (2.21)

where mi and υi are the ion mass and ion-neutral collision frequency, vi and Un are the ion
drift and neutral wind velocity vectors, respectively, e is the electronic charge, and B is the
geomagnetic field. In the Northern Hemisphere, after setting a Cartesian (x,y,z) coordinate
system of geomagnetic south, geomagnetic east and vertically up (vi(u,v,w), Un(U,V,W ),
B(−Bcos I,0,−Bsin I); I represents the magnetic dip angle), the vertical ion drift velocity
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(w) at steady state (vertical wind component W ≈ 0) can be obtained from Equation (2.21) as

w = fzV + fmU (2.22)

Here the dimensionless parameters fz and fm are the zonal and merdional "ion drift factors":

fz =
(υi/ωi)cos I
1+(υi/ωi)2 (2.23a)

fm =
cos I sin I

1+(υi/ωi)2 (2.23b)

where υi/ωi is the ratio of ion-neutral collision frequency to ion gyrofrequency. With the
motion of electrons and ions, Es may form where the absolute value of gradient of ion drift
velocity

(dV
dz

)
is large and w is close to zero.

As shown in Figure 2.6, the vertical shears in the zonal and meridional winds correspond
to the two different processes of vertical ion convergence ( fz and fm) in Equation (2.23).
In Figure 2.6(a), the zonal shear mechanism

(dV
dz

)
is characterized by a westward wind

above and an eastward wind below, where the horizontal component of the magnetic field
is BH = Bcos I. Because the ions drift with winds (west above and east below), they are
Lorentz-forced (eVwestBH and eVeastBH) to move downwards and upwards, and gradually
form a thin layer at V = 0 of the wind shear null. Figure 2.6(b) shows the meridional wind
shear

(dV
dz

)
mechanism (a northward wind above and a southward wind below), in which

the ions drift with wind in the horizontal direction while being constrained by the Lorentz
force to gyrate perpendicularly to the inclined magnetic field lines (Haldoupis, 2012). Little
different with the case in the zonal wind shear mechanism, ions are forced to move along
the magnetic field lines with the meridional wind (Unorth cos I and Usouth cos I), and converge
towards the wind shear null (U = 0) and form a thin layer.

The altitude dependence of layer-forming efficiency of the zonal and meridional wind
shear mechanisms is caused by different ion drift factor dependence on r = υi/ωi. At
altitudes of ∼ 125 km, r ≈ 1; at lower (upper) altitudes the zonal (meridional) wind shear
mechanism becomes dominant. At altitudes >120 km, the ions are more magnetized due to
the reduced ion-neutral collision frequency, and the ability of a zonal wind to move them
across the magnetic field is weakened; at altitudes <120 km, the less magnetized ions reduce
the action of the Lorentz force, and allow the vertical shears in the zonal wind dominant in
the Es formation (Haldoupis, 2012). As observed by ionosondes, most Es are situated below
about 120 km where vertical plasma drift becomes collision-dominated (Haldoupis et al.,
2006). That is to say, most of the Es layers are controlled by vertical zonal wind shear, i.e.,
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Fig. 2.6 Zonal (left) and meridional (right) wind shear theoretical mechanisms of sporadic E
layer formation in the Northern Hemisphere. Adapted from Haldoupis (2012).

in the Northern Hemisphere, with westward winds above and eastward, or smaller, westward
winds below.

As shown by the Es distribution map observed by COSMIC occultation in Figure 2.7, it
is worth noting that stronger and more frequent Es layers occur in the midlatitude ionosphere,
which is associated with the inclination of the Earth’s magnetic field (Luo et al., 2021). In
the equatorial and polar regions, the magnetic field lines are nearly horizontal and have
large magnetic dip angles, which makes ions difficult to converge vertically to form a thin
layer. In addition, electric fields in these two areas are strong and cannot be neglected. In
the polar region, particle precipitation is the main reason for Es formation (Nygren et al.,
1984). Further, it can also be inferred from the Figure 2.7 that the Es occurrence and intensity
show an obvious annual cycle with maximum values in the summer hemisphere (Arras and
Wickert, 2018). This pronounced seasonal dependence of Es layers cannot be simply satisfied
by the wind shear theory alone. Haldoupis et al. (2007) indicate that this could be associated
with the annual variation of sporadic meteor deposition in the upper atmosphere, since the
Es occurrence and intensity depends directly on the content of metal ions determined by
meteorite deposition.

In addition to the Es annual variation, at an altitude of about 100 km in the midlatitudes,
Pancheva et al. (2003) found a connection between tidal winds and Es altitude variations.
As shown in Figure 2.8, Es layers show semi-diurnal/diurnal periodicity. This phenomenon
is associated with the atmospheric tides, which are the main source of the vertical shears
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Fig. 2.7 Global distribution maps of Es occurrence (upper row) and intensity (lower row) in
different seasons. Adapted from Arras and Wickert (2018).

Fig. 2.8 Diurnal variations critical frequency foEs (left) and corresponding height hmEs
(right). Adapted from Šauli and Bourdillon (2008).
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of horizontal winds and affect the vertical motion of Es layers (Mathews, 1998). After the
formation, the Es layers usually descend with tidal phases and eventually disappear due to
the gradually increased metallic ion recombination rates. Through simulation, Andoh et al.
(2021, 2022) have successfully proven that the day-to-day variations of Es is related with
tidal effects, and verified that sporadic E is not "sporadic" as the name implies, but is an
ionospheric phenomenon that occurs periodically. The 22-26 h variation period observed by
ionosonde further suggests that planetary waves may also be influencing Es development
(Šauli and Bourdillon, 2008). However, the correlation between Es appearance or strength
with solar activity is not obvious, according to the long-term Es observations (Maksyutin
et al., 2001).

2.4 Overview of Nighttime MSTIDs

Traveling ionospheric disturbances (TIDs) are the wavelike disturbances manifested as
electron density irregularity or TEC variations in the ionospheric F region. According to
their scale sizes, TIDs can be divided into small-scale TIDs (SSTIDs), medium-scale TIDs
(MSTIDs) and large-scale TIDs (LSTIDs) (Rieger and Leitinger, 2002). The classification
and characteristics of TIDs are shown in Table 2.2. Generally, the generation of LSTIDs
and MSTIDs are considered to be related with AGWs (atmospheric gravity waves); the
generation of relatively smaller scales of MSTIDs or SSTID are thought to be related with
AWs (acoustic waves), which propagate isotropically outward (Huang et al., 2019).

Table 2.2 Classification and characteristics of TIDs

Classification Period Horizontal wavelengths Velocity
LSTIDs 30 min to 3 hr >1000 km 400–1000 m/s
MSTIDs 15 min to 1 hr 100–1000 km 100–300 m/s
SSTIDs a few minutes 10–100 km <200 m/s

Since last century, MSTIDs have been observed and studied by different ionospheric
sounding techniques (e.g., Berkner and Wells, 1934; Bowman, 1990). Recent MSTID
observations by using GNSS-TEC and all-sky airglow images have found that the daytime
and nighttime MSTIDs show different characteristics. Especially, the generation of nighttime
MSTIDs cannot be simply explained by AGWs, due to their NW-SE (NE-SW) alignment and
southwestward (northwestward) propagation direction in the Northern (Southern) Hemisphere
(Kelley and Miller, 1997). Such midlatitude nighttime MSTIDs are thought to be caused by
electrodynamics (Tsunoda and Cosgrove, 2001) and therefore have been named as electrified
MSTIDs (EMSTIDs) (Narayanan et al., 2018), which are the main focus of this thesis.
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2.4.1 Formation

In 1990s, the 2-D structure of nighttime MSTIDs was first captured by 630-nm airglow
imagers and GNSS-TEC (Mendillo et al., 1997; Saito et al., 1998a). Statistical analysis have
found that in the Northern Hemisphere, the nighttime MSITDs show a NW-SE alignment
and have a southwestward propagation direction, with wavelengths of 100–500 km, periods
of 0.5–1.5 hour, and phase velocities of ∼100 m/s (Kotake et al., 2007; Shiokawa et al.,
2003a). In addition, observations have found that the nighttime mid-latitude MSTIDs occur
simultaneously in different hemispheres and have mirrored structures symmetrical along the
magnetic equator (Martinis et al., 2019; Otsuka et al., 2004). By using multiple instruments,
the nighttime MSTID occurrence has been observed to reach a maximum in the summer and
a secondary peak in the winter, especially over the East Asian sector (∼100◦E–180◦E) (e.g.,
Kil and Paxton, 2017; Shiokawa et al., 2003a), as shown in Figure 2.9. In order to explain the
above characteristics of MSTIDs, it is necessary to understand their generation mechanisms.

Fig. 2.9 Occurrence possibility of nighttime midlatitude MSTIDs at midlatitudes of different
hemispheres. Adapted from Kil and Paxton (2017).

Mid-latitude electric field fluctuations (MEFs) caused by nighttime mid-latitude MSTIDs
have been detected by space-based observations (e.g., Saito et al., 1998b, 1995). Combining
the airglow images and DMSP satellites, the observation results show that the perturbed
electric fields toward southwest (northeast) where the intensity of airglow observation results
increases (decreases) (Shiokawa et al., 2003b) . Since the 630.0 nm airglow intensity is
associated with the field-line integrated Pedersen conductivity (ΣP) (Otsuka et al., 2002), the
generation of polarization electric field can be elucidated by Figure 2.10. For example, in the
Northern Hemisphere, it is assumed that under the perturbation condition, ΣP perturbations
exhibit a NW-SE alignment; if the ionospheric current traverses the perturbation band, a
polarized electric field (E1) will be generated to maintain the current continuity (Otsuka et al.,
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Fig. 2.10 Schematics of the generation of polarization electric field under the perturbation
conditions. Adapted from Otsuka (2021).

2007). The field line–integrated electric current in the F region can be expressed as

J = ΣP(E+U×B) = ΣPE∗ (2.24)

where E is the background electric field, U is the thermospheric neutral wind, E∗ is the
effective electric field. In the ionosphere, the background electric field (E), whose generation
is related with the F-region dynamo process, is much smaller than and anti-parallel to
U×B (Heelis, 2004). That is, E∗ and U×B as well as J share same directions. Generally,
thermospheric winds are not significantly affected by the ionosphere and its irregularities,
because the time constant of the ion drag affecting the neutral wind is usually larger than the
period of irregularities (Narayanan et al., 2018). At nighttime, according to the empirical
model (Horizontal Wind Model (HWM); Drob et al. (2015)), the thermospheric winds are
usually equatorward and eastward, which makes J direct pole-eastward.
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Under such conditions, the polarization electric fields (E1) should be generated to main-
tain the current continuity (J = ΣPE∗=const):

ΣPE∗ · k̂ = (ΣP −ΣP1){E∗+E1} · k̂ (2.25)

where k̂ is a unit wave vector of the frontal structure, E1 points northeastward (southwestward)
in the regions of low (high) intensity (Shiokawa et al., 2003b). In such cases, E1 moves the
plasma up and down through the E1 ×B drift, thus causing the plasma perturbations in the
MSTID structures and the nearly sinusoidal variations of the F peak height. This physical
process can be explained by the Perkins instability, which will be presented later in detail. In
this process, ΣP and E1 will grow with time if the Perkins instability condition is satisfied.

Fig. 2.11 Vertical structure of MSTIDs reconstructed by GNSS-TEC and tomography.
Adapted from Ssessanga et al. (2015).

Ssessanga et al. (2015) have successfully reconstructed the vertical structure of MSTIDs
by using GNSS-TEC and a tomography technique, and the results are shown in Figure 2.11.
The sinusoidal oscillation of plasma density (ne1) of the MSTID structure can be satisfied by
(Shiokawa et al., 2003b)

ne1 =
−i
ω

v1
∂ne

∂ z
cos I cosφ (2.26)
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where v1 is perturbation plasma velocity, ω is angular frequency of MSTIDs, φ is azimuth of
the MSTID propagation direction clockwise from the magnetic north. In fact, Shiokawa et al.
(2003b) have performed a simulation, and results suggest that the polarization electric fields
also show sinusoidal oscillation within the MSTID structures; an electric field perturbation
with an amplitude of 1.2 mV/m can result in a 50-km variation of F2 peak height, wherein
the plasma drift with a vertical velocity of ∼25 m/s.

2.4.2 Perkins Instability

As mentioned previously, the Perkins instability can well explain the directional preference
of the MSTID frontal structures (Perkins, 1973). During nighttime, the ionization and
recombination in the ionosphere are reduced due to the absence of solar radiation. In such
a case, at midlatitudes, the F-layer altitude is in dynamic equilibrium: the vertical upward
plasma drift caused by the eastward electric fields (E) and/or the thermospheric winds towards
the equator is almost equals to the downward plasma drift caused by the gravity-induced
ion diffusion (g/υ). Thus, an equation that uses the effective electric field to describe this
equilibrium can be expressed as

E∗ cosθ

B
cos I =

g
⟨υ⟩

sin2 I (2.27)

where θ is the angle between E∗ and geomagnetic east, I is the dip angle of the magnetic field,
⟨υ⟩ is plasma density-weighted, field-line integrated collision frequency (⟨υ⟩=

∫
neυdz∫
nedz ; dz

represents an integral over the distance along the magnetic field line), which is proportional
to ΣP. Since the neutral atmospheric density exponentially increases with decreasing altitude,
⟨υ⟩ decreases (increases) as the F layer rises (falls). In Equation (2.27), for example, even if
E∗ strengthens and causes an increase in upward plasma velocity, ⟨υ⟩ on the right side will
decrease, leaving the left and right sides in equilibrium.

However, the generation of polarization electric fields disrupts this balance. Under
the situation in Figure 2.10, wavelike perturbation in ΣP is aligned from NW to SE in
the Northern Hemisphere; an increasing (decreasing) polarization electric field in the ΣP

decreasing (increasing) region are generated to maintain current continuity. In the wave
vector (k̂) direction, the current continuity equation can be expressed as

⟨υ⟩E∗ cos(θ −α) = (⟨υ⟩−⟨υ⟩1){E∗ cos(θ −α)+E1} (2.28)

where α is the angle between the geomagnetic east and k̂, ⟨υ⟩1 is the decrease in collision
frequency, and E1 is the associated increase in the electric field. Within the region of low
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Pedersen conductivity, the enhanced eastward component of E1 can raise the F-layer altitude.
Therefore, from Equation (2.28), the net upward drift velocity of the F-region plasma can be
expressed as

Vu =
E∗ cosθ +E1 cosα

B
cos I − g

⟨υ⟩−⟨υ⟩1
sin2 I

=
⟨υ⟩1

⟨υ⟩−⟨υ⟩1

E∗ cos I
B

sin(θ −α)sinα

(2.29)

From 2.10, Vu is positive when k̂ (or −k̂) lies between E∗ and east, that is θ > α > 0. In
such a case, the balance between the gravitational force and background electric field force
is disrupted, because the upward drift cannot be compensated by the downward diffusion.
From Perkins (1973), the linear growth rate of the Perkins instability can be written as

γP =
E∗

0 cos I
BH

sin(θ −α)sinα =
gsin2 I
⟨υ⟩H

sin(θ −α)sinα

cosθ
(2.30)

where H is the atmospheric scale height. The growth rate reaches the maximum when
α = θ/2.

2.4.3 E-F Coupling

Although the Perkins instability can well explain the directional preference of the nighttime
mid-latitude MSTIDs, there are still some research gaps that need to be filled: the equator-
westward propagation direction (theoretically, the MSTIDs should move with the background
plasma); the linear growth rate calculated from Equation (2.30) is too small to satisfy the
MSTID growth rate derived from real observation (Kelley and Makela, 2001). The simulation
in Yokoyama et al. (2008) has further validated these conclusions. In addition, theoretical
analysis inferred a coupled effect from polarized Es structures (Es-layer instability) coupled to
the Perkins instability, which is important to explain the nighttime MSTID creation (Tsunoda
and Cosgrove, 2001).

According to the Es-layer instability, the polarization electric fields within Es are gen-
erated by the wind-shear theory (mainly in zonal direction) through the Hall polarization
process, and the vertical Pedersen drift acts to enhance the initial perturbation (Cosgrove and
Tsunoda, 2002). Similar to the Perkins instability, the azimuth of the wavefront in the plasma
density perturbation has a significant effect on the growth rate of the Es layer instability
(Yokoyama et al., 2004). The linear growth rate of the Es-layer instability can be written as



2.4 Overview of Nighttime MSTIDs 29

(Tsunoda, 2006)

γE =
UE cos I

HU ρi

(
∑

Es
H

∑
Es
P +∑

E
P +∑

F
P

sinα cosα −1
)

(2.31)

where UE is the E-region zonal wind velocity, HU ≡ (1/UE∂UE/∂ z)−1 is the scale length of
the vertical shear of UE , ρi = υin/ωi, where υin and ωi are the ion-neutral collision frequency
and ion angular gyrofrequency, respectively, ∑H and ∑P are the field-line integrated Hall and
Pedersen conductivities in the designated region, respectively. Variations in Hall (Pedersen)
conductivity are sensitive to the height modulation of the Es (F) layer and are essentially
equivalent to density perturbations (Yokoyama and Hysell, 2010).

From Equations (2.30) and (2.31), in the coupled ionospheric E and F region, the growth
rate of the coupled instability can be expressed as (Tsunoda, 2006)

γ
c
P = γP +

∑
Es
H

∑
Es
P +∑

E
P +∑

F
P

UE cos I
HU

cos2
α (2.32a)

γ
c
E = γE +

E∗
0 cos I
ρiBH

sin(θ −α)sinα (2.32b)

Since H ≫ HU , the second term in Equation (2.32a) comes from the Hall drift in the F
region produced by the E-region polarization electric field, and is much larger than γP; the
second term in Equation (2.32b) comes from the Pedersen drift in the E region produced by
the F-region polarization electric field, and is much smaller than γE . That is to say, the Es
layers are important for the MSTIDs development, but not vice versa.

According to the observation results in Saito et al. (2007) and Ejiri et al. (2019a), field
aligned irregularities (FAIs) in E and F regions share similar characteristics, indicating that
the perturbed electric field is transmitted along the magnetic field lines (B) between the
E and F regions. In fact, neutral wind and polarization electric field in the E region drive
strong currents in the Es layer. Most of the current is confined within the Es layer, while
only a small fraction of the current (20 nAm−2) flows out of the Es layer and couples into
field-aligned currents with the F region (Yokoyama and Stolle, 2017). Yokoyama et al. (2009)
and Yokoyama and Hysell (2010) have performed 3-D simulations of MSTID generation
through E-F coupling (Perkins instability in the F region and Es-layer instability in the E
region). Their simulation results in Figure 2.12 verified that the Es layers, especially the
polarization electric fields in the E region, play a major role in seeding and amplifying the
perturbations in the F region. When the effective electric field (northeastward) satisfies
the condition that allows for the Perkins instability to occur, the wavelengths of the E- and
F-region perturbations are similar at the beginning, indicating the polarized electric field
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generated in the E region is transmitted along magnetic field lines B to the F region and
modulates the plasma density in the F region (Yokoyama et al., 2009). In such a case, based
on the rough estimation of the mapping factor (

√
σ0/σp; σ0 and σp are the parallel and

Pedersen conductivities, respectively), a 10 km-scale perpendicular electric field in the E (F)
region can map for 1000 km (10000 km) along a geomagnetic field line B (Yokoyama, 2014).
That is, for a small-scale polarization electric field in the same hemisphere, the mapping
efficiency is large enough to cause no or very little attenuation.

Fig. 2.12 The 3-D simulation results of the E-F coupling. Top (bottom) panel shows the
plasma density perturbation at 102.5 (280) km altitudes. Adapted from Yokoyama et al.
(2009).

As MSTIDs develop, large-scale perturbations have greatly enhanced. Similar situation
occurs at E region. This could be related with the wavelength dependence of Perkins
instability and Es-layer instability: the Es layer with very long wavelength has a small
growth rate and does not play a pivotal role in seeding the F-region Perkins instability;
structures with shorter perturbations tending to saturate at low amplitudes (Yokoyama, 2013;
Yokoyama et al., 2008). In addition, one important thing that needs to be noted is that
within the Es layer, the E-region neutral winds toward the equator can be affected by the
tidal winds, such that the E-region neutral winds rotate clockwise (anticlockwise) in the
Northern (Southern) Hemisphere. The E-region rotational wind shear could be responsible
for the equator-westward propagation of MSTIDs in the F region, which has been validated
by simulations in Yokoyama et al. (2009, 2008): the NW–SE structures in the F region
are stationary if the E-region meridional wind is absent; the E-region rotational wind shear
produces southwestward phase propagation in both E and F regions even though there is
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no background electric field. Particularly, the observed phase velocities of MSTIDs are
comparable to the E-region neutral wind velocities (Larsen, 2002).

2.4.4 Interhemispheric Coupling

As analyzed above, the nighttime mid-latitude MSTIDs are electrified. The polarization
electric fields can be mapped to the opposite hemisphere (with comparable scale size)
along the magnetic field line (B), although certain attenuation may need to be considered
(Yokoyama, 2014). By using airglow images, Narayanan et al. (2018) simultaneously
observed the geomagnetic conjugate MSTIDs, as shown in Figure 2.13. MEFs caused by
these MSTID structures are observed in geomagnetic conjugate regions, which indicates
that and the coupling process in local E and F regions and/or in different hemispheres is
accompanied by field-aligned currents. This field-aligned current can produce a magnetic
field change perpendicular to the direction of the main magnetic field, which we call it as
midl-atitude magnetic field fluctuations (MMFs). Figure 2.14 shows the global distribution of
occurrence rates of MMFs in different seasons for 2002–2003 by using CHAMP spaceborne
measurements. Results show that the nighttime MSTIDs mainly occur at 15◦–40◦ magnetic
latitude. Consistent with earlier regional statistic results (Shiokawa et al., 2003a), these
MSTIDs show maximum occurrence in summer, followed by winter. In addition, the
longitudinal variation can also be observed: larger MMF occurrence rates appear over the
East Asia/Oceania and Europe/Northern Atlantic Ocean during summer, while over the
American continents during winter.

Fig. 2.13 Simultaneous observations of conjugate MSTIDs over Japan and Australia using
airglow images. Adapted from Narayanan et al. (2018).



32 Background Theory

Fig. 2.14 (a–c) Global distribution of occurrence rates of MMFs different seasons for
2002–2003. (d) Occurrence distribution as a function of invariant latitude versus local
time. Adapted from Park et al. (2009b).

The ionospheric coupling process between E and F regions can explain this phenomenon.
That is, the occurrence of Es layer may cause the longitudinal variation of nighttime mid-
latitude MSTIDs (Otsuka et al., 2008): from Figure 2.7 and 2.14, it can be seen that the
regions of occurrence of Es with certain intensity (indicated by S4 index) and MSTIDs
are basically coincident. In addition, the seasonal variation of MSTIDs (the maximum and
secondary occurrence peak of MSTIDs in summer and winter; shown in Figure 2.9) could
be associated with the interhemispheric coupling. By using the long-term radio occultation
observations, Liu et al. (2020) inferred that the MSTIDs are closely related to the effect
of E-F coupling and interhemispheric coupling; Lee et al. (2021) found that the MSTID
generation is also affected by some factors other than Es, e.g., the growth rate of the Perkins
instability, AGWs, and the F-region conductance. Park et al. (2016) have also verified that
the polarization electric fields related with Es and MSTIDs in the summer hemisphere play
an important role in the formation of conjugate MSTIDs in different hemispheres. Especially,
the Es in the summer hemisphere could be the main factor that affects and controls the
formation and development of MSTIDs in both hemispheres, since the Poynting flux is
directed from the summer to winter hemisphere, and Es layers show high occurrence rates in
summer.



Chapter 3

A Double-thin-shell Approach in the
Study of E-F Coupling

The GNSS system provides an efficient and high-precision means for ionospheric research.
Currently, the regional to global densely distributed ground-based GNSS receiver networks
have greatly contributed to the detection and analysis of ionospheric irregularities of different
scales, e.g., daytime sporadic E (Maeda and Heki, 2014, 2015), MSTIDs (Otsuka, 2021;
Otsuka et al., 2008), and LSTIDs induced by magnetic storms (Borries et al., 2009). How-
ever, during the E-F coupling process, Es and MSTIDs of different altitudes usually have
simultaneous occurrence. In such a condition, the exploitation of single-thin-shell model
(previously described in Section 2.2.3) in the E-F coupling process is difficult because of
the impossibility of observing irregularities in both E and F regions simultaneously. Addi-
tionally, the utilization of single-thin-shell approach may “shadow” the Es layer due to its
low amplitude (usually below 1–2 TECU). In some cases where the main plasma density
fluctuations or enhancements are located far below or above the F2 peak (e.g., daytime Es),
the error in assuming a single shell at F-region altitudes could be disastrous to industry
and applications that depend on trans-ionospheric signals. Therefore, a new method of
simultaneously imaging the ionospheric E- and F-region perturbations needs to be developed.

3.1 Data

GEONET (GNSS Earth Observation Network), a nationwide dense GNSS array in Japan
consisting of more than 1,200 receivers, can provide GNSS-TEC measurements with high
spatial and temporal resolution due to its high density (∼25 km) and sampling rate (30 s). At
a data rate of 30 s, every recording is more than 5000 satellite–receiver paths (Saito et al.,
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1998a). The distribution of GEONET stations (black dots) is plotted in Figure 3.1, and the
NE-SW red dashed line from (33.5◦N, 134◦E) to (37.5◦N, 141◦E) indicates the region with
the most data points.

Fig. 3.1 Distribution of GEONET stations (black dots) over Japan. The red dashed line from
(33.5◦N, 134◦E) to (37.5◦N, 141◦E) indicates the region with most data points.

Following the TEC derivation methods in Section 2.2.3, the STEC here were derived
from pseudo-range and phase measurements, and the unknown ambiguities in the phase
measurements were corrected by the corresponding pseudorange measurements (Ma et al.,
2014). In addition, the instrumental biases inherent in satellites and receivers were assumed
to remain stable within one UT (universal time) day (Ma and Maruyama, 2003). STEC
with elevation angles smaller than 35◦ were negated to mitigate the multi-path effects and
reduce the errors in the placement of ionospheric piercing points which are sizable at low
elevation angles. Considering the accuracy of absolute TEC estimation is about a few TECU,
hence making a resolve of low amplitude Es densities uncertain, TEC perturbation (TECP)
component rather than the absolute TEC is obtained after deducting a 30-min data running
average (centered on the epoch of the LOS) from each STEC:

TECP = STEC−< STEC >30min (3.1)

Data corresponding to arc segments less than 30 min are excluded to avoid spurious per-
turbations. Theoretically, the TECP precision level improves to within 0.01–0.02 TECU,
which corresponds to 1% of the wavelength of GPS signals L1 (19 cm) and L2 (24 cm). An
example of TECP and STEC comparison is shown in the Figure 3.2, wherein the yellow
lines represent TECP, gray lines are the results of 30-min running average, and black lines
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are the derived STEC. The top and bottom subfigures are chosen from the events of daytime
Es and nighttime MSTIDs, respectively. From Figure 3.2, it is clear that the obtained TECP
can effectively describe the perturbations within the STEC series, so that the amplitudes and
positions of the Es and MSTIDs can be filtered and tracked.

Fig. 3.2 An example of the time series of STEC and TECP on 21 May 2010 (DOY 141) and
23 June 2012 (DOY 175). Yellow lines represent TECP, gray lines are the 30-min running
average, and black lines are the derived STEC.

3.2 Double-thin-shell Model

In order to analyze the E-F coupling, the simultaneous reconstruction of E- and F-region
plasma density is important. Heuristically, a double-thin-shell approach upgraded from the
single-thin-shell model was developed. In fact, the double-thin-shell model has been used
to better estimating the ionospheric absolute TEC, e.g., Hernández-Pajares et al. (1999)
obtained a global ionospheric map based on a two-layer model to reduce the errors inherent
to the one-layer model, and Shukla et al. (2009) designed a two-shell model, at altitudes of
500 km and 300 km, to resolve the Equatorial Ionization Anomaly (EIA) density gradients
over the Indian region. Maruyama et al. (2021) also parameterized a regional ionosphere
that partially encapsulates EIA, with two shells located at high and low altitudes learned
from a training data set. In their results, TEC precision was better than in a single-thin-shell
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approximation, and the EIA was captured adequately. The following are the settings in this
research different from the previous studies:

1. The shell altitudes are fixed pre-analysis.

2. Rather than absolute TEC values, the TECP components are ingested.

3. Analysis is over the Japanese archipelago, where the dense GNSS receiver network
GEOENT is ideal in analyzing small density perturbations.

Fig. 3.3 Typical geometric relation of a GNSS satellite (S) and a receiver (R) in double-thin-
shell approximation.

A typical geometric relation of a GNSS satellite (S) and a receiver (R) in the double-thin-
shell approximation is shown in Figure 3.3. The slant TECP is assumed to be the summation
of the contributions in two thin-shell layers located at two constant heights (E shell and F
shell):

TECPS = STECS
E +STECS

F (3.2)

Although TECP is relatively small, STECS
E and STECS

F can have large positive and negative
values. Even so, the reconstruction of STECS

E and STECS
F becomes possible if there are a

sufficient number of ray paths that cross the reconstruction region at E and F shells. The
latitude (λi) and longitude (ϕi) of ionosphere pierce point (IPP, shown as red points in Figure
3.3), and the local satellite zenith angle (χi) in each shell (i = E, F for different shell heights)
can be calculated as

λi = arcsin(sinλR cosψi + cosλR sinψi sinγ) (3.3a)
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ϕi = ϕR + arcsin
(

sinψi sinγ

cosλi

)
(3.3b)

χi = arcsin
(

Re

Re +hi
cosη

)
(3.3c)

ψi =
π

2
−η −χi (3.3d)

where λR and ϕR are the latitude and longitude of the receiver (R), γ and η are the azimuth
and elevation angle of the satellite (S), Re is the mean radius of the Earth, ψi is the geocentric
angle, and hi is the shell height. Based on the earlier studies on E- and F-region irregularities
(Maeda and Heki, 2015; Saito et al., 1998b) that utilized ground-based GNSS-TEC and a
single-thin-shell approach, hi is set to 100 km and 300 km for the E and F shells, respectively.

Considering the ionospheric irregularities usually occur at altitudes ∼95–125 km (∼250–350
km) in E (F) region (Haldoupis et al., 2006; Yang et al., 2015), the maximum uncertainty of
the phase front structures manifested in the projections on the ground is about 20 km (45
km), under the double-thin-shell approximation with two constant heights. At a given shell (i
= E, F), the relationship between vertical TECP (TECPV

i ) and slant TECP is

TECPS
i = TECPV

i /cos χi (3.4)

Here the ionosphere in the double-thin-shell approximation is assumed to be divided into
different cells, and the vertical TECPs within a cell in each shell were assumed to be uniform.
To make the statistical quantity meaningful, the minimum IPP number inside a cell was set
to 3. With all the slant TECPs from GNSS observations, a mixed determined system of the
linear equations can be constructed based on Equations (3.2) and (3.4):

· · · · · · · · · · · · · · ·
0 sec χE( j−1)k 0 sec χF( j−1)k 0
· · · · · · · · · · · · · · ·
0 sec χE jk 0 sec χFjk 0
· · · · · · · · · · · · · · ·
0 sec χE j(k+1) 0 sec χFj(k+1) 0
· · · · · · · · · · · · · · ·


M×N


x1

· · ·
xn

· · ·
xN


N×1

=



· · ·
TECPS( j−1)k

· · ·
TECPS jk

·
TECPS j(k+1)

· · ·


M×1

(3.5)

j and k represent the satellite and receiver number, xn is the unknown vertical TEC perturba-
tion in the nth grid (the E- and F-region unknown densities are compressed into a column
vector of N cells) and M is the total number of observations. For convenience, I simplify
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Equation (3.5) to
Y⃗ = AX⃗ + E⃗ (3.6)

Y⃗ and E⃗ represent observations and errors, respectively, and coefficient matrix A is generally
a sparse with columns assumed to be linearly independent. To adequately solve Equation
(3.6), I used the singular value decomposition (SVD), which has numerically stable properties
and can avoid unrealistic solutions (Ma et al., 2014). If the matrix A is of dimension M×N,
then through SVD we can obtain

A = UDVT (3.7)

U ∈ RM×M (V ∈ RN×N) is an orthonormal matrix composed of left (right) singular vectors
of A, associated with singular values or weights contained in a rectangular diagonal matrix
D ∈ RM×N ; T represents matrix transpose. An r-dimensional sub-space of singular vectors is
used to represent A ≈ UrDrVT

r with a representation of 95% of the total variance, thus the
final solution of X⃗ can be calculated as

X⃗ ≈ VrD−1
r UT

r Y⃗ (3.8)

where UUT = I and VVT = I are used. A more detailed description of SVD and its application
to inverse problems can be found in Golub and Van Loan (2013).

3.3 Validation

In this research, the analyzed region covers 30◦N–42◦N, 130◦E–140◦E for the E shell and
28◦N–45◦N, 128◦E–145◦E for the F shell. Due to the different scale sizes of E- and F-region
irregularities, the resolution in E and F shells was set to 0.15◦ and 0.5◦, respectively, for the
adequate realization of the instabilities. The temporal resolution was set to 2.5 minutes. That
is, in each epoch, the electron density perturbations were assumed stationary, such that in
Equation (3.5) N = 8676 and M > 10000.

Another notable thing is that GPS satellites orbit the Earth at a great speed (orbit at
altitudes of ∼20200 km at speeds of ∼3.8 km/s). Considering the elevation and azimuth
angles, the IPP velocities at both E and F shells may sometimes approximate the actual
instability phase velocities. In such cases, results are difficult to discern, because the spatial
and temporal changes are highly mixed. Fortunately, during the nighttime events analyzed in
this thesis, the IPP drifts were predominant Northward. An example of the IPP drift velocities
in the NE-SW direction (parallel to the propagation direction of MSTIDs) on 21 May 2010
is shown in Figure 3.4. From the results, with a minimum satellite elevation angle of 35◦ and
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a structure at F shell elongated NW–SE and propagating southwestward at ∼100 m/s, the
average estimated error to bear in our analysis was ∼20% of the actual velocity.

Fig. 3.4 IPP drift velocities in the NE-SW direction on 21 May 2010 (DOY 141).

This validation part mainly addresses two questions to raise confidence in the proposed
double-thin-shell model technique: (1) Is the technique able to reconstruct or place the
perturbations at the appropriate shell? With disregard to the difference in night and day
ionosphere density concentrations, here, as a test case, I analyzed a carefully selected daytime
Es event on 21 May 2010 (DOY 141), previously analyzed by Maeda and Heki (2014) when
the F-region was deemed quiet. The reasoning was that at daytime a well-developed and
highly conducting E region limits polarization electric fields that could facilitate the E–F
coupling (Kelley, 2009). Therefore, the signal should be from the E shell, and the F-shell
noise dominated. (2) What is the noise threshold below which structures in E and F shells are
distinguishable? Because nighttime F-shell structures are known to be dominant in amplitude
and scale when compared to E-region structures, here, structures were simulated in both E
and F regions, and then synthetic STEC were used to analyze the algorithm fidelity when the
F-region structure amplitudes and noise level were varied.

3.3.1 An Event of Daytime Sporadic E

The comparison of reconstruction results from single- and double-thin-shell approaches is
shown in Figure 3.5. The leftmost column is the TECP maps under the single-thin-shell
approximation adapted in Maeda and Heki (2014). The right two columns are the horizontal
TECP distribution at E (a–c) and F-shell heights (d–f) of the daytime Es event during
17:00–17:30 JST (Japan Standard Time), on 21 May 2010 (DOY 141). From Figure 3.5, in
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both single- and double-thin-shell models, the east–west (E–W) aligned frontal structure of
Es at 35◦N–36◦N has been observed. In addition, consistent with the observation results in
Maeda and Heki (2014), the migration of this frontal structure is southwestward, with a mean
speed of ∼80 m/s; the maximum horizontal scale of this Es structure can reach ∼350 km
in E-W, ∼30 km in north–south (N–W). To our confidence, the F shell (F region), is noise
dominated. Thus, the algorithm can adequately reconstruct the irregularities to the correct
shell.

Fig. 3.5 Snapshots of TECP maps under single-thin-shell approximation (leftmost column;
adapted from Maeda and Heki (2014)) and at E- (a–c) and F-shell (d–f) heights, at various
time epochs from 17:00 to 17:30 JST (Japan Standard Time) on 21 May 2010 (DOY 141)

3.3.2 Simulation

For further validation, a 2-D simulation using the real geometry of GNSS satellites and
receivers was performed.

As shown in Figure 3.6(a–b), irregularities are input in different shell heights to simulate
Es and MSTIDs. Considering the IPP distribution as shown in subplots (c–d), the focus is on
the region with dense data points that exhibits high fidelity (bounded with yellow dashed lines
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Fig. 3.6 2-D maps of input (a, b), IPP distribution (c, d), output (e, f) irregularities at E- and
F-shell heights, a scatter of input and output TECP values (g) and a distribution of residuals
(h) using GNSS signal rays at 17:30 JST, on 21 May 2010 (DOY 141). The yellow dashed
line indicates a region, where reconstruction is of highest confidence level.

in Figure 3.6). In this simulation, noise has not been considered. The two simulated cross
irregular structures with amplitudes varying within -3–3 TECU (range of most TECPs during
MSTID events) were set up in E and F regions. To clearly present the results, the horizontal
scales (range of MSTID wavelengths) of input “+” (“x”) irregularities were about 250 km
(180 km) and 280 km (310 km) in E- and F-shell heights, respectively. About 16000 real
signal rays from GNSS observations at 17:30 JST, on 21 May 2010 (DOY 141) were used.
The simulated slant TECPs were then generated as an integral of density perturbations along
the ray paths determined from the observation geometry of GNSS satellites and more than
1200 receiver stations from the GEONET. Subplots (e, f) of Figure 3.6 show the reconstructed
structures: in the area with densely distributed IPPs, the reconstructions at the different shell
heights are clearly distinguishable and consistent with the input irregularities in both position
and amplitude. In addition, a control data set from 88 GEONET receivers is used to specify
the precision. A scatter of input and output TECP values, and a distribution of residuals are
plotted in the subplots (g, h). The results suggest a high correlation between input and output
values: the gradient to least square fit (red solid line) is 0.91 in subplot (g); the mean (µ) of
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residuals is 0.01, and the standard deviation (σ ) is 0.23 TECU; about 50% of the residuals
lie within the first bin (the width of each bin is about 0.1 TECU), and 89% of the data lie
within µ ±σ .

Similarly, simulations of two other cases were also analyzed: input irregular structures
either in E- or F-shell height, and the results are shown in Figure 3.7. As inferred from the
results, the reconstruction still agrees with the input irregularities; the mean (µ) and standard
deviation (σ ) of residuals are small, although the errors are slightly larger when only the
E-region irregularities present. From all the results above, the double-thin-shell approach can
successfully reconstruct the E- and F-region irregularities simultaneously under the condition
of no noise.

Fig. 3.7 2-D maps of input irregularities only in E shell (a–b), output irregularities (c–d), and
corresponding residual distribution (e). 2-D maps of input irregularities only in F shell (f–g),
output irregularities (h–i), and corresponding residual distribution (j).

To specifically evaluate the algorithm performance in the E region, reconstructions
were analyzed under different ratios of E to F region input structure amplitudes (IE/IF). In
addition, as stated earlier, the ratios of the standard deviation of noise to F-region input
amplitude (N/IF) were also varied. The input irregularities were in the same position as
in Figure 3.7(a–b), and the constant input amplitude in the F region was set to 2 TECU
(most possible amplitude of TECP in MSTID events). In Figure 3.8, subplots (a–c) show the
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reconstructed results in E region with IE/IF=0.1, 0.2, and 0.3, under the condition of N/IF=0.
In subplots (d–i), IE/IF=0.5 and N/IF altered. Based on the reconstructed results, even if
strong irregularities exist in the F region, E-region irregular structures are well reconstructed
when IE/IF≥0.3 and the amplitude of noise not exceeding the amplitude of the E-region
irregularities.

Fig. 3.8 2-D maps of output irregularities at different ratios of input amplitude in E and F
regions (IE/IF) (a–c), and different ratios of noise standard deviation to input amplitude in F
region (N/IF) (d–i).





Chapter 4

Case Studies of E-F and
Interhemispheric Coupling

During the summer, the nighttime mid-latitude MSTIDs show higher occurrence possibility
in the Japan-Australia sector (∼100◦E–180◦E) than other regions, as shown in Figure 2.9.
Consistent with the E-F coupling theory, the occurrence of Es with a relative intensity is
equally high in these regions, as shown in the bottom row of Figure 2.7. In addition, the E-F
coupling process is more intricate, to the extent that MSTIDs are simultaneously observed
in the geomagnetic conjugate regions (different hemispheres) with matching crests and
troughs as shown in Figure 2.13 and 2.14. However, due to the limited observation area,
resolution, and methods, comparing the temporal relationship between the occurrence of
Es and MSTIDs is difficult, and thus the causes and effects in the E-F and interhemispheric
coupling are not yet fully understood. Therefore, a comprehensive analysis of the local E-F
and interhemispheric coupling is required to deepen our understanding of the generation and
development mechanisms of nighttime electrified MSTIDs.

4.1 E-F Coupling

In this section, the local E-F coupling process over Japan were mainly analyzed using
the dense-distributed ground-based GNSS-TEC and a double-thin-shell approach. The
distribution of receiver network (GEONET) is shown in Figure 3.1. The setup of the double-
thin-shell model and TECP is the same as in Chapter 3: two shell heights were set to 100
km and 300 km for the E and F shells, respectively; TECP were obtained after deducting
a 30-min data running average from each STEC; the analyzed region overs 30◦N–42◦N,
130◦E–140◦E for the E shell and 28◦N–45◦N, 128◦E–145◦E for the F shell; in the analyzed
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region, the resolution was set to 0.15◦ in E shell and 0.5◦ in F shell, and 2.5 minutes in
time. Since nighttime MSTID occurrence over Japan maximizes around the June solstice
(Shiokawa et al., 2003b), two nighttime events were selected for analysis into this period:
June 23, 2012 (DOY 175) and June 11, 2007 (DOY 162). Both days are manifested with
MSTIDs, but the amplitudes are different. To mitigate ionospheric disturbances due to
other factors such as geomagnetic storms, the ionospheric conditions on the selected events
were K<4 and |Dst|<30 (Ma et al., 2014). The K index is from data provided by Kakioka
magnetic observatory at (36.2◦N, 140.2◦E).

Based on the simulation results in Section 3.3.2, to reduce the ambiguity of the structures
in E shell, reconstructions with IE/IF<0.3 were excluded. The region with most data points,
bounded by yellow dashed lines in Figure 3.6, is the focus. As validation, reconstructions
in this region are compared to observations from Kokubunji ionosonde and the middle and
upper atmosphere radar (MUR).

4.1.1 Event on 23 June 2012

The event on 23 June 2012 (DOY 175) is a typical example of nighttime MSTIDs shown
in Ssessanga et al. (2017). According to the 2-D TECP maps provided by NICT (National
Institute of Information and Communications Technology, in Japan; data accessible at https://
aer-nc-web.nict.go.jp/GPS/DRAWING-TEC/), for this event, the MSTIDs form at ∼11:00
UT (UT = JST-9) and end at ∼20:00 UT, and show maximum intensity at ∼13:00 UT.
Subplots (a–h) in Figure 4.1 show the 2-D horizontal TECP distribution maps at E- (a–d) and
F-shell (e–h) heights under the double-thin-shell approximation, during 19:30–22:00 JST.
Bottom subplots (i–l) are the 2-D TECP maps using the same parameters (height: 300 km;
grid resolution: 0.15◦) as Tsugawa et al. (2018) under the single-thin-shell approximation.
Black dashed lines indicate the alignment azimuth of the apparent frontal structures. Gray
arrows represent the drift direction (read by eye according to the reconstructed results in a
time series). Black dots in subplots b, c, f, and g denote arbitrarily chosen points along the
wavefront in the E region (100 km) and the corresponding points in the F region (300 km)
following geomagnetic equal potential lines estimated from the International Geomagnetic
Reference Field (IGRF) model (Alken et al., 2021). As predicted in the electrodynamic theory
of mid-latitude nighttime E–F coupling, E and F layer density enhancements/depletions are
observed to be connected with geomagnetic equal potential lines.

Before 19:30 JST, the E- and F-region irregularities develop but with a small amplitude;
probably the early stages of the coupling process. Of course, in this analysis, I cannot
pinpoint exactly when instabilities commence, because at the early stages of development,
the amplitudes are primarily below the GNSS noise level. After 19:30 JST, the intensity and
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Fig. 4.1 Snapshots of TECP maps at E- (a–d) and F-shell heights (e–h), at various time
epochs from 19:30 to 22:00 JST on 23 June 2012 (DOY 175). The subplots in the bottom
(i–l) show the 2-D TECP maps obtained by the single-thin-shell approach. Black dashed
lines indicate the alignment azimuth of the apparent frontal structures, gray arrows indicate
the drift direction, black dots indicate the locations at E and F shells connected by the
geomagnetic field line.

horizontal scale of E- and F-region irregularities both appear enhanced. Particularly at 20:15
and 21:15 JST, the E- and F-region irregularities migrate southwestward and have preferred
NW–SE alignment.

In the top two rows, the average horizontal scales of the E- and F-region irregular
structures are about 150 km and 500 km in length and about 30 km and 120 km in width.
From the works of Farley Jr (1959), such scale sizes are sufficient for polarization electric
fields to map efficiently along magnetic field lines, with coupled E–F regions as a subsequent.
A look at both shells, the structures in E and F regions show maximum intensity at around
20:15 and 22:00 JST, respectively, and the F-region structures are well defined than those
in the E region: this might be the consequences of the thin layer of Es and the coupling
dynamics, wherein the Es layer is easily saturated, and the F-region instability is greatly
enhanced in the coupling process, and thus a stronger structuring at the F region. I estimated
the center drift phase velocity of the front structures, and the mean migration was about 100
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m/s, with a maximum value exceeding 120 m/s. Faster velocities appeared with the rapid
development of E-region irregularities. The E- and F-region irregularities connected by the
same geomagnetic field lines had similar propagation parameters. Because these velocities
are comparable to observed E-region neutral wind velocities (UE) (Larsen, 2002), I further
emphasize the suggestion that the phase velocity of the NW–SE structure in E and F regions
is UE controlled. The theoretical and simulation works of Tsunoda (2006) and Yokoyama
et al. (2009) have also underscored the role played by UE : the E-region rotational wind shear
produces southwest phase propagation of the NW–SE structure in both E and F regions even
though there is no background electric field, and the NW–SE structures are stationary if
the E-region meridional wind is absent. In addition, due to the significant spatiotemporal
variation of the E-region neutral wind, the F-region gravity waves may also be a potentially
important factor in the propagation of NW–SE structures over a large area in the form of
traveling ionospheric disturbances (Yokoyama et al., 2009).

At 22:00 JST, the Es structures were damped out, while the MSTIDs intensified, with two
frontal structures exhibiting a spatial wavelength separation of ∼200 km. Compared to 20:15
JST, the structures at 22:00 JST are more clockwise, but with the orientation angle more acute
at the south most frontal structure. The 3-D E–F coupling simulations by Yokoyama et al.
(2009) also insinuated that orientation angle decreases as the magnetic dip angle decreases
southward. Indeed, the azimuth and scale of the structures from the double-thin-shell model
(subplots g–h) are consistent with the orthodox single shell results (subplots k–l). However,
on further analysis, a phase difference (less than 50 km) between structures in subplots g–h
and subplots k–l was observed: possibly a consequence of utilizing different grid resolutions
and the IPP drift error in the two-shell model. Nonetheless, this discrepancy is not large to
affect our analysis of the physical underpinnings.

Ionosondes are among the accurate tools for probing the ionospheric plasma density.
Here, I consider Kokubunji ionosonde station (located within the region of most GNSS
data points in Japan, shown as black triangle in Figure 4.2(c, d); Ssessanga et al. (2017))
observations for validation purposes. Figure 4.2(a–d) shows the reconstructed 2-D TECP
maps at E-shell height and the Kokubunji ionograms, at 20:15 and 22:15 JST when E- and
F-region irregularities reach the maximum intensity. Subplot (e) shows the variation of the
foEs (the critical frequency of Es) obtained from ionosonde observations and reconstructed
TECPs (a 2-km thickness is assumed (Maeda and Heki, 2014)) at Kokubunji area (a 0.3◦

grid), from 20:00 to 22:30 JST. During 20:00–22:30 JST, the foEs observed by Kokubunji
ionosonde reached the maximum amplitude (∼15 MHz) at around 20:15 JST. The foEs
decreased and remained at a relatively low level (∼6 MHz) after 21:00 JST, but had a
transient enhancement (∼10 MHz) at 22:15 JST. The reconstructed results agree with the
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Fig. 4.2 Ionogram observed by Kokubunji ionosonde (a, b), and snapshots of TECP maps
at E shell height (c, d) at 20:15 and 22:15 JST on 23 June 2012 (DOY 175). Black triangle
represents the location of Kokubunji ionosonde. (e) The variation of the foEs obtained from
ionosonde observations (foEs(obs)) and reconstructed TECPs (foEs(rec); a 2 km thickness is
assumed) at Kokubunji area during 20:00–22:30 JST.

ionosonde observations: the E-region frontal structure with a high intensity is approaching
the Kokubunji area at 20:15 and 22:15 JST; the foEs variations obtained by ionosonde
observations (foEs(obs)) and reconstructions (foEs(rec)) are consistent within 5 MHz. Since
reconstructions with IE/IF<0.3 are excluded and foEs are low, the reconstructed TECPs
with small amplitude at 21:15–22:00 JST are about zero at Kokubunji area. In addition,
the maximum perturbation components of E-region TEC at Kokubunji area are 0.91 TECU
(19.16 MHz) and 0.53 TECU (14.62 MHz) at 20:15 and 22:15 JST, respectively, with larger
amplitudes but consistent proportions with those of foEs assuming a thickness of 2 km.
Furthermore, except at 21:15, 21:30 and 22:30 JST when foEs is low, the ionograms clearly
reveal the presence of blanketing Es from 19:30 to 24:00 JST as in Figure 4.2(a–b). That is
to say, the radio waves at least up to foF2 cannot penetrate the Es layer, which indicates that
the structuring in the Es layer is insignificant (Maruyama et al., 2006).
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Fig. 4.3 Time variation of TECPs on 23 June 2012 (DOY 175) along the northeast–southwest
red dashed in Figure 3.1. Heq is the equatorial crossing height of the magnetic field line
piercing each shell. The top and bottom panels represent E- and F-shells, respectively. The
black and gray dashed lines represent the occurrence time of perturbations and the alignment
of evident downward-sloping stripes, respectively. Evident, particularly between 20:00–23:59
JST, is the southwestward propagating wavefronts in both E- and F-region.

Figure 4.3 shows the time variation of E- and F-region TECPs at nighttime on 23 June
2012 (DOY 175), with a time resolution of 2.5 min along the line from northeast to southwest
indicated as the red dashed line in Figure 3.1. Here I introduced a parameter called Heq.
As shown in Figure 4.4, red points (A and B) are ionospheric regions connected by a same
magnetic field line, and Heq represents the equatorial crossing height of the magnetic field
line piercing each shell. The irregularities of different shells at the same Heq are considered
to be related to each other through a magnetic field line. The grid resolution in Figure 4.3
was about 0.3◦×0.5◦ in E- and F-shell heights. The black and gray dashed lines represent
the occurrence time of perturbations and the alignment of evident downward-sloping stripes,
respectively. For the strong post-sunset MSTID event in Figure 4.3, the evident downward-
sloping stripes at the same Heq indicate irregularities in E and F regions are connected
by a magnetic field line and share a similar wavefront with an NW–SE alignment and a
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southwestward propagation. The occurrence time of the perturbations in E and F regions
is almost similar, at ∼19:30 JST. The maximum amplitude in the E region occurs earlier
(∼20:15 JST) than that in the F region (∼22:00 JST), but the F-region irregularities show
higher intensity. In the later hours of the night, the F-region structures exist in the latitudes
and durations when E-region structures are not seen or weak. For the post-midnight MSTID
event on 23 June 2012 (DOY 175), the E- and F-region perturbations develop after ∼0:00 JST
and last until ∼4:00 JST. The Es layer and MSTIDs share a similar amplitude and duration
of structure formation but show smaller intensity than the pre-midnight event.

Fig. 4.4 A sketch of magnetic lines from the magnetic equator to low and mid latitudes. Red
points (A and B) are ionospheric regions connected by a same magnetic field line, and Heq
represents the equatorial crossing height of the magnetic field line piercing each shell.

4.1.2 Event on 11 June 2007

Since the mid-latitude FAI in E region is considered associated with the horizontal inhomo-
geneity of an Es layer (Maruyama et al., 2006), the structured coherent backscatter radar
echoes, so-called quasi-periodic (QP) echoes, are associated with Es layers and usually used
to indicate the Es dynamics and morphology (Maruyama et al., 2000; Saito et al., 2007;
Xie et al., 2020). MUR, located at 34.9◦N, 136.1◦E, Shigaraki, Japan, has been used for
detecting backscatter echoes from plasma irregularities in both E region (Yamamoto et al.,
1994) and F region (Saito et al., 2002). For this event, I used the observations from MUR to
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further validate our results. Three transmission beams pointing nearly to the geographic north
(azimuth angle: -13.92◦–17.67◦ about the geography north, zenith angle: 51.09◦–59.01◦) are
selected.

The horizontal TECP distribution maps at E- and F-shell heights during 19:00–23:00
JST, on 11 June 2007 (DOY 162), are shown in Figure 4.5. Black dashed and gray arrows
and black dots represent the same as in Figure 4.1. Black stars denote the location of MUR,
and the black crosses indicate an example of a regions, where the radar beam intersects
the ionosphere at 100 km (E shell) and 300 km (F shell). The transmission beam was
pointed to the geographic north (azimuth: 0◦, zenith: 52.07◦ and 57.84◦ in E and F regions,
respectively).

Fig. 4.5 Same as Figure 4.1 but for 11 June 2007 (DOY 162). Black stars are the location of
MUR, black crosses represent the observation regions with an altitude of 100 km (E region)
and 300 km (F region), where the transmission beam was pointed to the north (azimuth: 0◦,
zenith: 52.07◦ and 57.84◦ in E and F regions, respectively), black dots indicate denote the
locations at E (100 km) and F shells (300 km) connected by a geomagnetic field line.

Compared to the results in Figure 4.1, E-region irregularities in Figure 4.5 (before 22:00
JST) are similar in size, but E- and F-region maximum amplitudes (in areas with dense data
points) are less by approximately 20%. In Figure 4.5, the duration of structure formation
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in E and F regions are similar: the E- and F-region irregularities both appear enhanced at
∼19:00 JST, and reach the maximum amplitude at around 21:30–22:00 JST. The irregular
structures in E and F regions share a common southwestward migration and a similar NW–SE
wavefront. The irregularities in E and F regions, which share similar propagation parameters,
are considered connected by a same geomagnetic field line, as shown by the frontal structures
in the subplots during 21:00–23:00 JST.

Worth noting is that the F-region structures in Figure 4.1 depict a longer wavelength and
larger amplitude and are well defined than structures in Figure 4.5. This result supports 3-D
simulations of F-region Perkins instability in Yokoyama et al. (2008): structures showed
a wavelength dependence with shorter perturbations tending to saturate at low amplitudes.
I also presume that the density perturbations in Figure 4.5 dominate at altitudes lower
than 300 km. Consequently, the reconstructions are poor due to the increased error in IPP
spatial distribution. A strengthened mid-latitude Northern Hemisphere poleward wind could
have forced the plasma downwards such that the instability structuring and amplitudes are
limited. That is to say, from the theory of a coupled E–F region (Tsunoda, 2006), the
duration of structure formation and structuring of the instabilities depend on the ratio of
field-line-integrated Hall conductivity to Pedersen conductivity (which is proportional to
ion-neutral collision frequency, υin). However, at lower altitudes, υin is expected to increase
and background plasma densities to decrease exponentially due to enhanced recombination
rates. Besides, υin is inversely proportional to the F instability polarization electric fields.
This has been shown to be the case observationally in Narayanan et al. (2014).

Since the size of the irregularities measured by the radar backscatter may be several
meters, while that detected by the GNSS–TEC measurements is on an order of ten to hundred
kilometers, strong backscatter signals and km-scale density enhancement/depletion to a
certain extent may not depict an exact direct relationship. Still, from the general relative
change in density, and an assumption that meter-scale structures populate a wider spatial
area than the radar field of view, I can obtain several important physical underpinnings based
on these results and validate the algorithm to a certain extent. Figure 4.6 shows the range-
time-intensity (RTI) maps of echo power observed by MUR on the night of 11 June 2007
(DOY 162), where AZ and ZE represent the azimuth and zenith angles of the transmission
beams, respectively. Negative (positive) azimuth corresponds to west (East). In each subplot,
the region in observation (E or F) is indicated in parentheses. Gray solid lines in middle
panels are the mean variation of TECPs within a 0.6◦×0.15◦ (2◦×0.5◦) grid covering the
radar observation regions at E (F) shell height. According to the E-region RTI subplots, the
eastern most beam (AZ=17.2◦) detected the echoes first (∼20:00 JST) and then followed by
other beams. Therefore, movement must have been westward. The inclined striation pattern
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Fig. 4.6 Range-time-intensity plots of echo power observed with the MUR on 11 June 2007
(DOY 162). AZ and ZE represent azimuth and zenith of the transmission beams, respectively,
the gray solid lines represent the mean variation of TECPs in the radar observation regions.

indicates the occurrence of well-defined QP echoes during ∼19:30–24:00 JST, with a period
of about 10 min. Besides, continuous echoes associated with lower altitudes are observed
after ∼24:00 JST. In the F region, the weak echoes are received from ∼21:00 to ∼4:00 JST,
and evident irregularities are observed at around 22:00, 1:00, and 3:00 JST with a reduced
amplitude. According to the observations of Doppler velocity, the antennas facing further
northeast can receive the intense echoes faster, and the Doppler velocity observed by MUR
is negative when the first QP echoes were received (∼20:00 JST), which indicate that the
E-region irregularities in the echoing region are moving southwestward. The echo strength:
particularly observations by radar beam (AZ/ZE=-13.5◦/51.1◦), between ∼18:00 and 24:00
JST, the echo is “short-live” but with a stronger SNR (signal-to-noise ratio). On the other
hand, between ∼00:00 and 06:00 JST, echoes are frequent but with a slight reduction in SNR
and a descent in altitude. During the later period, the TEC component shows a quasi-quiet
variation; we think, due to plasma density reduction following the altitude descent, the
integrated density variations are below the TEC noise level.
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Saito et al. (2007) has identified that the horizontal scale of QP echoes is about a few tens
of kilometers and is much smaller than those in the F-region MSTIDs. In Figure 4.6 subplot
(c), the occurrence time of E-region irregularities observed by GNSS-TEC (∼20:00, 22:00,
and 23:30 JST) is consistent with that of QP echoes observed by MUR, and the fluctuation
of TECPs becomes small after 24:00 JST when continuous echoes were observed by MUR.
The continuous echoes are less dynamic than the QP echoes, indicating a development of
weak spatial structuring in electron density within an Es layer (Maruyama et al., 2006). The
average of absolute E-shell TECPs peak amplitude, where the QP echoes are intense (e.g.,
∼20:00, 22:00, and 23:30 JST), is ∼0.3 TECU, which translates to ∼11 MHz if a 2 km
thickness is assumed; this frequency is above a foEs threshold above which QP echoes are
generally detected in ionosonde observations over Japan (Mungufeni et al., 2021). Despite the
consistency, a slight time delay is noticeable in the expected alignment of TECP depletions
(negative) and QP echoes: this might be due to the errors in IPP spatial distribution. In
addition, “x” is the point, where the beam intersects the 100 km layer, but not the actual echo
points, where magnetic fields are perpendicular to the MUR beam.

In the subplot (d), the F-region FAIs are plotted together with F-shell perturbations from
the point indicated by “x” in Figure 4.5, where the radar beam is projected to pierce the F shell
at 300 km. Evidently, at around 22:00 JST, the largest undulations in GNSS–TEC coincide
with intense echo stratifications in the MUR observations. However, not all undulations are
accompanied by FAIs, probably due to low amplitudes or out of view of the radar beam.
Saito et al. (2002, 2008) and Otsuka et al. (2008) and references therein have also shown a
summer nighttime common occurrence of MSTIDs and FAIs over Japan, and the occurrence
of FAIs is related to the intensity of MSTIDs.

Same as Figure 4.3 but for 11 June 2007 (DOY 162), Figure 4.7 shows the time variation
of E- and F-region TECPs in Heq at nighttime, along the line from northeast to southwest
indicated as the red dashed line in Figure 3.1. The black and gray dashed lines represent
the occurrence time of perturbations and the alignment of evident downward-sloping stripes,
respectively. For this event, the E- and F-region irregularities are of similar duration of
structure formation and intensity, but the occurrence time of the downward-sloping stripes is
about 10 min earlier in the E region than in the F region. During ∼19:30–23:00 JST when QP
echoes were obvious in the MUR observation, the evident downward-sloping stripes indicate
the E- and F-region irregularities share a similar wavefront with an NW–SE alignment and a
southwestward propagation with a phase velocity of 80–150 m/s. The clear inclined striations
at ∼21:00–22:00 JST at the same Heq indicate the E- and F-region irregularities are related
to each other through a magnetic field line. During ∼24:00–4:00 JST when radar continuous
echoes (a lower height and weaker power in the echoing region (Maruyama et al., 2006))
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were observed, the E- and F-region irregularities show a reduced amplitude and remain at a
lower level (∼0.5 TECU). Similar to the results in Figure 4.3, the duration of large-intensity
downward-sloping stripes (∼1 TECU) is longer in the F region (from ∼21:00 to 2:00 JST)
than in the E region (from ∼21:00 to 24:00 JST). This indicates that once formed the F-region
structures can sustain longer, which corroborates the observations made by Narayanan et al.
(2018).

Fig. 4.7 Time variation of TECPs at E- (top) and F-shell heights (bottom) on 11 June 2007
(DOY 162), along the line from northeast to southwest indicated as the red dashed line in
Figure 3.1. The black and gray dashed lines represent the occurrence time of perturbations
and the alignment of evident downward-sloping stripes, respectively.

4.2 Interhemispheric Coupling

The observations (Narayanan et al., 2018; Otsuka et al., 2004; Valladares and Sheehan, 2016)
and simulations (Yokoyama, 2014) of nighttime MSTIDs in the geomagnetic conjugate
regions (different hemispheres) have verified the existence of interhemispheric coupling.
However, until now, there are no direct observations to determine the causes and effects
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of the coupling between different hemispheres. A complete understanding of the upper
atmosphere electrodynamics is still a far-fetched idea that requires probing from different
instrumentation on a larger spatial scale. The double-thin-shell approach has attempted to
partially fill this void by providing a broad horizontal scale and a high-resolution sneak view
into the mid-latitude ionosphere E- and F-region during night irregularities; more important
is that the deductions from the reconstructions have proved complementary to other types of
observations. In this section, observations from multiple instruments in both E and F regions
are required to increase the horizontal scale and temporal resolution, and provide different
ionospheric information; conjugate regions in Japan and Australia are the focus since both
Es and MSTIDs have been frequently observed in the East Asian sector (Kil and Paxton,
2017). Two nighttime MSTID events of similar amplitudes in July (summer in the Northern
Hemisphere) and December (summer in the Southern Hemisphere), 2019, were selected for
analysis. To mitigate anomalies due to external forcings such as geomagnetic storms, the
selected events are from quiet days with K<4 and |Dst|<30.

4.2.1 Data

In this research, GNSS-TEC measurements are still the primary tool for probing the iono-
sphere; TECP, obtained after deducting a 30-min data running average, were also used rather
than absolute TEC. Figure 4.8(a) shows the distribution of ground-based GNSS receivers and
ionosondes in these areas. Gray dashed lines represent the magnetic dip (0◦, ±20◦, ±50◦)
calculated from International Geomagnetic Reference Field (IGRF) model. Compared to
the dense GEONET over Japan with more than 1000 receivers, the network over Australia
consists of approximately 450 sparsely distributed stations with a bias toward the southeast.
For a 30-s data cadence, more than 5000 (1800) ray paths are recorded over Japan (Australia)
with a cut-off elevation angle of 35◦. Figure 4.8(b–c) shows an example of IPPs from
GNSS rays. The epoch is arbitrarily selected, and the altitude is 300 km. The disparity in
the distribution of the IPP points follows that of the two networks. Because the Japanese
archipelago is narrow and vividly stretches northeast to southwest, the red dashed line in
Figure 4.8(b) indicates the region with the most data points where reconstructions are of
better accuracy.

Yellow squares in Figure 4.8(a) show the distribution of ionosondes used in this study,
located at Wakkanai (45.16◦N, 141.75◦E geographic; 59.89◦magnetic dip, calculated from
IGRF model), Kokubunji (35.71◦N, 139.49◦E geographic; 49.67◦magnetic dip), Yamagawa
(31.20◦N, 130.62◦E geographic; 45.38◦magnetic dip), Canberra (35.32◦S, 149.00◦E geo-
graphic; -65.96◦magnetic dip), Townsville (19.63◦S, 146.85◦E geographic; -48.87◦ magnetic
dip), and Darwin (12.45◦S, 130.95◦E geographic; -39.48◦ magnetic dip). I adapted ionogram
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Fig. 4.8 (a) Distribution of GNSS stations (black dots) and ionosondes (yellow squares).
Gray dashed lines represent the magnetic dip (0◦, ±20◦, ±50◦). (b–c) Blue dots represent
the distribution of IPP at 10:00 UT on 29 July 2019, at 300 km altitude. Red dashed line
indicates the region with most data points over Japan.

observations to indicate the variation of Es-layer intensity at those ionosonde locations. In
this section, the Es parameters (critical (foEs) and blanketing (fbEs) frequencies) in Japan
and Australia are provided by the manual-scaled (at 1-hour interval) and auto-scaled (at
5-min interval) ionogram parameters, respectively, since the ionogram automatic processing
algorithm in Japan cannot detect small fbEs values. On an ionogram, foEs indicates the
maximum frequency of the Es echo trace, while fbEs denotes the minimum frequency of
the F-layer trace (Narayanan et al., 2018). foEs and fbEs determine the frequency bands in
which radio waves can be partially reflected or pass through the Es layer (Maruyama et al.,
2006), where fbEs is the peak density of the quasi-uniform layer (i.e., signals lower than this
frequency cannot pass through this layer), and foEs is the peak density of clumps within this
layer. Thus, the difference between foEs and fbEs (foEs-fbEs) is often used to represent the
degree of density structuring in the Es layer (Otsuka et al., 2008).
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In addition to the ground-based observations, spaceborne measurement were also used in
this research, e.g., electron density profiles provided by COSMIC radio occultation, magnetic
field variations provided by Swarm satellites, and thermospheric winds provided by the
Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) on
the ICON spacecraft. The details of the COSMIC measurement principle were described
in Section 2.2.4. The Swarm mission comprises a constellation of three satellites, in polar
orbits at two different altitudes of ≥460 km for Alpha(A) and Charlie(C), and ≥530 km
for Bravo(B). Each satellite has a Absolute Scalar Magnetometer (ASM) and a Vector
Fluxgate Magnetometer (VFM) for measuring Earth’s magnetic field at 1 Hz resolution, and
a Langmuir Probe for measuring in-situ electron densities at a 2 Hz resolution (Olsen et al.,
2015). In this section, I used the level-1b products of electron density and magnetic field
from satellites A and C because they are at the same orbital altitude. The MIGHTI on the
ICON spacecraft provides neutral wind data from 90 to 300 km altitude by using 557.7 nm
(green channel) and 630.0 nm (red channel) airglow emission observations. More details
on instruments and data validation can be found at Makela et al. (2021) and Harding et al.
(2021). Following the work of Harding et al. (2022), above and below 180 km, I used the
neutral wind data from red channel and green channel, respectively.

4.2.2 Event on 29 July 2019

Figure 4.9 shows the snapshots of TECP maps at various time epochs from 10:00 to 14:00 UT
on 29 July 2019 (DOY 210), which are obtained by using the single-thin-shell approach at
300 km altitude, following the method in Tsugawa et al. (2018). Following the difference in
the distribution of the ground GNSS receivers, the horizontal spatial resolution of the images
in the Northern (Japan) and Southern (Australia) hemispheres is 0.15◦ and 0.5◦, respectively.
In each image, reconstructions are from perturbations collected over a 2-minute window:
that is, the ionosphere is assumed stationary within this window. Gray dashed lines represent
the magnetic dip at ±50◦ obtained from IGRF model, orange and blue circles indicate
the geomagnetic conjugate regions over Japan (summer) and Australia (winter), the black
dashed lines drawn along the irregularities indicate the alignment azimuths of the apparent
frontal structures, which are NW-SE (NE-SW) in the Northern (Southern) Hemisphere, gray
arrows denote the southwestward (northwestward) drift direction in the Northern (Southern)
Hemisphere.

In Figure 4.9(a), in the region circled by the orange line, irregular ionospheric density
perturbations (maximum value: 0.34 TECU) are observed over the Japan Archipelago after
sunset at 10:00 UT (19:00 JST) at higher latitudes (>43◦N). Meanwhile (10:00 UT; 20:00
AEST (Australia Eastern Standard Time)), as shown in subplot (e), east-west (E-W) aligned
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Fig. 4.9 Snapshots of TECP maps at various time epochs from 10:00 to 14:00 UT on 29 July
2019 (DOY 210), obtained by the single-thin-shell approach at 300 km altitude. Gray dashed
lines represent the magnetic dip at ±50◦, orange and blue circles indicate the geomagnetic
conjugate regions over Japan (summer) and Australia (winter), black dashed lines indicate the
alignment azimuths of the apparent frontal structures, gray arrows denote the drift direction.

density depletions and irregular perturbations with small amplitudes (<0.17 TECU) are
observed in the eastern part of the blue circle, about less than half of those in the summer
hemisphere (Japan). Soon, these E-W aligned irregularities disappear and obvious NE-
SW frontal structures form at higher latitudes in both hemispheres. This is eminent in the
10:30 UT images (b (Japan) and f (Australia)) with wavelike tilted irregularity structures.
Still, the maximum amplitude of the frontal structure is significantly larger in the summer
hemisphere (Japan; ∼0.47 TECU) than in the winter hemisphere (Australia; ∼0.22 TECU).
Later, after around 11:30 UT, the wavebands over Japan propagate to lower latitudes (∼35◦N;
50◦ magnetic dip) and develop rapidly over this region. The conjugate MSTIDs at lower
latitudes over Australia (-50◦ magnetic dip) are not very clear, due to the low-amplitude
perturbations and the sparse GNSS data points. At 14:00 UT, significant conjugate MSTIDs
are observed within the encircled regions . From 10:00 to 14:00 UT, MSTIDs in the summer
hemisphere (Japan) develop and reach the maximum intensity of 0.80 TECU, while the
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conjugate MSTIDs in the winter hemisphere (Australia) nearly maintain a constant amplitude
(∼0.15-0.24 TECU). Ignoring the sparse distribution of GNSS data over the Australian
region, the small amplitudes of TECPs suggest a weak development of MSTIDs in the winter
hemisphere (geomagnetic conjugate region).

Fig. 4.10 (a–b) Time variation of TECPs in E and F shells in Japan on 29 July 2019 (DOY 210)
along the northeast–southwest red dashed line in Figure 4.8(b). Heq represents the equatorial
crossing height of the magnetic field line piercing each shell. Blue dashed lines indicate the
alignment of evident downward-sloping stripes, and gray dashed lines represent the duration
of perturbations in the F region over the analyzed area. (c–e) E-region reconstruction results
of fast Fourier transform (FFT) in different time periods. (f) Time variation of the standard
deviation of TECPs (σP) in different hemispheres.

The parameters of the double-thin-layer model and the analyzed region are set as in the
Chapter 3, except that the time resolution is increased to 2 minutes from 2.5. From the results
in Figure 4.9(a–d), this analyzed region also coincides with the fast-growing region of the
MSTID structures. Subplots (a–b) in Figure 4.10 show the time variation of TECPs on 29
July 2019 (DOY 210) during 9:00–18:00 UT (18:00–3:00 JST) along the NE-SW red dashed
line in Figure 4.8(b). Heq represents the equatorial crossing height of the magnetic field line
piercing each shell, as shown in Figure 4.4. The irregularities of different shells at the same
Heq are considered to be connected by a same magnetic field line. Blue dashed lines are drawn
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along the obvious irregularities and indicate the alignment of evident downward-sloping
stripes, gray dashed lines represent the duration of F-region perturbations over this analyzed
area. Obvious irregularities in both E and F regions occur over this area after ∼10:45 UT.
We also performed a fast Fourier transform (FFT) analysis on the E-region reconstruction
results of different time periods (from 9:00 UT to 10:45/11:00/11:30 UT) to further verify
the existence of phase fronts in the E region. As shown in subplots (c–e), based on the FFT
analysis, the E-region coherent sizable disturbances were detected at higher latitudes after
∼10:45 UT, which confirms the phase fronts within the E-shell keograms in subplot (b). In
fact, the duration of strips (i) and (ii) in subplots (a–b) is the same; the disappearance of
TECP at around 12:00 UT in strip (i) is due to satellite movement, such that the IPP points
drift away from the red dashed line in Figure 4.8(b). Evident downward-sloping stripes (i)
and (ii) in subplots (a–b) have similar Heq and gradients, indicating the occurrence of E-F
coupling: the irregularities in different regions are connected by a magnetic field line, and
share a similar NW-SE wavefront propagating to the southwest with a phase velocity of ∼100
m/s. More importantly, the small-amplitude irregularities in the E region indicated by stripe
(iii) are about 30 min earlier than stripe (i) in the F region and stripe (ii) in the E region. As
inferred from Figure 4.9, MSTIDs in Japan (summer) propagate to lower latitudes (∼35◦N),
and then the amplitudes develop rapidly in this region after around 11:30 UT. The earlier
occurrence of Es further supports the theory that Es layer plays a major role in amplifying
the Perkins instability in the F region via electromagnetic coupling along the geomagnetic
field lines (Cosgrove, 2013; Yokoyama et al., 2009).

To study the MSTID activity, Saito et al. (2001) used the standard deviations of TECP
within one hour to represent amplitude of TEC perturbations caused by MSTIDs, and results
show a good correlation between the standard deviation of TECP with horizontal structures
of TEC perturbations on the 2-D maps. I follow the same to avoid occasional sizable errors
in TECPs; for each epoch, over the whole region (either Japan or Australia), a standard
deviation of TECPs (σP) is computed. Considering the propagation of MSTIDs and the less
data points over Australia, this parameter can only represent the relative intensity variation
over the region with most data points. In Figure 4.10(f), the σP in different hemispheres are
plotted every 15 min to indicate the time variation of the irregularity intensity, wherein the
σP over Japan and Australia are represented by asterisks mark and circle, respectively. From
the results in Figure 4.9, the ionospheric irregularities over Japan (summer) develop at higher
latitudes at about 10:00 UT and reach the maximum at around 14:00 UT; irregularities show
weak development in Australia (winter) during the MSTID event. Consistent with these
conclusions, in Figure 4.10(f), σP(north) (in Japan) start to increase after 10:00 UT and reach
the maximum at around 14:00 UT; in Australia, the irregularity intensity (σP(south)) shows
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a small increase in the initial phase (at ∼10:00 UT) with the development of MSTIDs in the
summer hemisphere (Japan), but then the activity of conjugate MSTIDs remains constant
throughout the MSTID event.

Fig. 4.11 The ionosonde measurements from Wakkanai, Kokubunji, Yamagawa, Canberra,
Townsville, and Darwin, comprising of foEs (asterisks) and fbEs (circle) from 7:00 to 18:00
UT on 29 July 2019 (DOY 210). Gray dashed lines are the same as Figure 4.10, representing
the duration of perturbations over the region with most data points in Japan (summer).

To further validate the GNSS-TEC observation results in Japan and to supplement
information on the Es layer over Australia, the ionosphere parameters provided by six
ionosondes from 7:00 to 18:00 UT at DOY 210, 2019, are plotted in Figure 4.11 to show the
variation of Es-layer intensity in conjugate regions, wherein foEs is represented by asterisks
mark, fbEs by circle. Gray dashed lines represent the same as in Figure 4.10. Generally, the
absence of values for foEs or fbEs indicates the nonexistence of sporadic or blanketing E
in the ionogram at that particular time. From Figure 4.11(a–c), in the summer hemisphere
(Japan), consistent with GNSS-TEC results in Figures 4.9 and 4.10, the variations of large
foEs values (>8 MHz) and foEs-fbEs (>5 MHz) suggest that the Es layers form earlier at
higher latitudes (Wakkanai), and propagate to lower latitudes (Kokubunji and Yamagawa).
During this process, foEs and foEs-fbEs amplitude decreases equator-ward, indicating a
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gradual decrease in Es-layer activity. Similar cases can be found in Narayanan et al. (2018),
where the E region structure becomes weak in the late hours of MSTID event, while the F
region structure can sustain longer once formed. This is understandable because the growth
time required for the MSTID formation is rather short in the E-F coupling process (Yokoyama
et al., 2009). Observations at Kokubunji ionosonde, located within the region of most GNSS
data points, show enhancement after 11:00 UT with maximum intensity at around 14:00
UT; this result is consistent with the E-region reconstruction results in Figure 4.10(b). After
the onset (at ∼10:45 UT) of the coupling process in the summer hemisphere (Japan), in
the winter hemisphere (Australia), at Townsville and Darwin, preexisting Es layers show a
reduced intensity with foEs<3 MHz; foEs-fbEs≈1 MHz; an indication of a less structured
in the Es layer (Maruyama et al., 2006). Further, the Es layers over Townsville and Darwin
show dissipation at around 12:00 UT and later exhibit an intermittent occurrence. As shown
in Figure 4.9 and 4.10, at ∼12:00 UT, the rapid development of MSTIDs and Es layers with
large foEs values over Japan (summer) suggest the occurrence of strong E-F coupling in the
Northern (summer) Hemisphere; conjugate MSTIDs in the Southern (winter) Hemisphere
also move over Townsville and Darwin from higher latitudes. I consider that the disruption
of Es layers over Australia (winter) is most likely related to the electrodynamic factors in
this particular period, since Es layer cannot easily be dissipated by simple diffusive motion
once it is formed (Yokoyama et al., 2005). Additionally, after ∼17:30 UT over Townsville,
the sporadic E layer reappears and shows enhancement in the late hour of the MSTID event,
which may be due to the weakening of the controlling role from electrodynamic factors at
this time.

We also supplement the ground-based observations with space-based observations from
COSMIC occultation and Swarm satellites. Although the E-region information from COS-
MIC occultation have been used for statistical analysis of E-F coupling (Liu et al., 2020),
here for case study, we only qualitatively analyze the E-region electron density due to the
relatively low accuracy below 200 km. Same as Figure 4.9, the background in Figure 4.12
(a–b) is the TECP map obtained by using single-thin-shell approach at 10:45 UT, orange
squares are the locations of ionosondes, and circles in different hemispheres indicate the
geomagnetic conjugate regions. In Figure 4.12(b) (over the Austrian continent), the dark
blue and gray solid lines are traces of COSMIC occultation tangent points; dark blue and
gray represent points in ionosphere E- (below 150) and F-region (above 150 km) altitudes,
respectively. Along each trace, gray dots show the location of the maximum electron density
along the inverted density profile. The blue triangles indicate the location of the E-region
peak electron densities: only included on traces when the density perturbation caused by Es
is larger than the density at the E region top (∼150 km). Purple lines represent the traces of
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Fig. 4.12 (a–b) Gray (dark blue) solid are traces of COSMIC occultation tangent points at F
(E) region altitude,gray dots (blue triangles) are locations of maximum electron density in
the F (E) region along each trace. Purple solid lines represent the traces of Swarm satellites.
Background is the ground-based GNSS-TECP map at 10:45 UT on 29 July 2019 (DOY 210),
orange squares are the locations of ionosondes, circles in different hemispheres indicate the
geomagnetic conjugate regions. (c–h) Results of COSMIC constellation vertical electron
density profiles at different epochs.

Swarm satellites at around 10:45 UT, when they cross the conjugate region. Subplots (c–h)
in Figure 4.12 show the results of COSMIC constellation vertical electron density profiles at
different epochs. From the GNSS-TEC results, significant MSTIDs (maximum: 0.67 TECU)
are observed at ∼50◦–60◦ magnetic dip in the summer hemisphere (in the region circled
by the orange line), while the conjugate MSTIDs are weak (maximum: 0.23 TECU) in the
winter hemisphere. From occultation observations over Australia (winter), no particularly
strong Es layer is observed; electron density perturbations at ∼100 km are relatively large in
RO1 and RO2 profiles at around 8:50 and 10:30 UT; the observed Es-layer activity is low
even within the conjugate MSTIDs (as inferred from RO6 trajectory and Figure 4.9(h)).

Figure 4.13(a–h) shows the observation results from Swarm satellites along the traces in
Figure 4.12, at around 10:45 UT on 29 July 2019 (DOY 210). The two Swarm observations
have a time difference of ∼15 min, but this is considered minimal and the observations are
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analyzed as simultaneous. Following Yokoyama and Stolle (2017), magnetic field variations
are obtained by subtracting CHAOS-7 model predictions for the core, lithosphere, and large-
scale magnetospheric fields (Finlay et al., 2020). The first four rows in Figure 4.13 shows the
in situ electron density, and radial (dBL; positive outward), zonal (dBφ ; positive horizontal
eastward), and parallel components (dB||; along the mean magnetic field) of residual magnetic
fields, respectively, plotted over magnetic dip. dB|| arises from diamagnetic currents owing
to plasma density gradients around and within the depletions, and the magnetic field variation
perpendicular to the main field direction (dBL and dBφ ) is related to the field-aligned currents
(Lühr et al., 2003). The field-aligned sheet current density and diamagnetic current strength
are not correlated (Park et al., 2009a). Since the coupled electrodynamics between the
E and F regions and between different hemispheres are accompanied by significant field-
aligned currents, mid-latitude electric field fluctuations (MEFs) or midlatitude magnetic field
fluctuations (MMFs) are usually only observed in the perpendicular components with an
amplitude of a few nT (Yokoyama and Stolle, 2017). Many research works have already
verified the close relationship between MMEs/MMFs with Es and MSTIDs (Burke et al.,
2016; Park et al., 2015, 2009b; Saito et al., 1998b; Wan et al., 2020).

In Figure 4.13, magnitudes of MMFs in the perpendicular components (dBL and dBφ )
are comparable for different hemispheres (summer hemisphere values are slightly larger),
but the electron density fluctuations are much larger in the summer hemisphere (Japan), as
observed by GNSS-TEC in Figure 4.12(a). Subplots (i–j) show a scatter of perpendicular
components (left) and electron density with parallel magnetic field variation (right) during the
nighttime MSTID event on 29 July, 2019 (DOY210). The orange and blue dots correspond
to the observations in summer (Japan) and winter (Australia) hemispheres, respectively.
Similar to the example in Yokoyama and Stolle (2017), in subplots (c–f), perpendicular
components (dBL and dBφ ) depict a weak negative correlation (correlation coefficient; r=-
0.35) in the summer hemisphere (Japan), and a near zero or no correlation (r=0.08) in the
winter hemisphere (Australia). The poor correlation between the perpendicular components
of magnetic field variations in Australia (winter) could be attributed to the complicated
small-scale structures (Yokoyama et al., 2015; Yokoyama and Stolle, 2017). Since Swarm A
and C orbit at an altitude of ∼450 km, which is above the average F2 peak density location,
and MMFs and MSTIDs share similar climatology and morphology characteristics (Park
et al., 2015, 2009b), then a simultaneous observation of perpendicular MMFs in conjugate
regions indicates the detection of flowing inter-hemispheric field-aligned current associated
with MSTIDs. As for the parallel components, the anti-correlation between density and dB||
is more obvious in the summer hemisphere (Japan; r=-0.87) than in the winter hemisphere
(Australia; r=0.61). This result further provides the evidence that more significant plasma
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Fig. 4.13 (a–f) In situ electron density, and radial (dBL), zonal (dBφ ), and parallel components
(dB||) of residual magnetic fields observed by the Swarm A and C satellites along the traces in
Figure 4.12, on 29 July, 2019 (DOY 210). (i–j) A scatter of perpendicular components (left)
and the electron density with parallel magnetic field variation (right) during this nighttime
MSTID event. The orange and blue dots correspond to the observations in summer (Japan)
and winter (Australia) hemispheres, respectively.
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density variation occurs in the summer hemisphere. This disparity could be related to
the growth rate of Perkins instability (γP). As previously described in Equation 2.30, γP

is greatly affected by U×B, since the F-region preexisting background electric field E
due to dynamo process is much weaker compared to the U×B electric field component
(Otsuka, 2021). Thus, under the above argument, we suggest that the poor correlations in the
winter hemisphere (density and dB||, dBL and dBφ ), were a result of unfavorable ionospheric
background conditions for MSTID growth leading to reduced amplitudes in that hemisphere.

4.2.3 Event on 26 December 2019

On December 26 2019 (DOY 360), conjugate MSTIDs in the winter hemisphere show
greater intensity than the event on July 29 (DOY 210), 2019. Figure 4.14 shows the 2-D
TECP maps for this day at various epochs from 7:00 to 14:00 UT, which are obtained by
using the single-thin-shell approach at 300 km height. Orange and blue circles indicate
the geomagnetic conjugate regions over Australia (summer) and Japan (winter), and black
solid line represents the solar terminator. Before sunset (9:00 UT; 19:00 AEST), distinct
ionospheric irregularities (∼0.7 TECU) form in the region bounded by the gray solid lines
over Australia (summer) at lower latitudes (∼20◦S); electron density depletions with small
amplitudes (∼0.2 TECU) are observed at higher latitudes (∼35◦S; circled by the orange
line in subplot (f)). The irregularities during the day are most possibly seeded by AGWs,
because the daytime E-region conductivity is much larger than that of the F region, thus
causing larger currents to close mainly in the E region and limiting polarization electric
fields that could facilitate the E-F coupling (Heelis et al., 2012; Kelley, 2009). Under such
conditions, the propagation direction of this disturbance structure is most likely equatorward
since equatorward propagating AGWs could cause a larger amplitude of TEC perturbations
than AGWs propagating in other directions (Hooke, 1968). The density depletions at higher
latitudes propagate roughly to the northwest, while the exact direction of the irregularity
structure at lower latitudes is difficult to determine due to the sparse GNSS data points over
this region.

At around 9:00 UT (19:00 AEST) near sunset, the AGW-seeded irregularities at lower
latitudes show a drop in amplitudes and disappear (or propagate to the region beyond
GNSS detection); F-region density enhancements/depletions form at higher latitudes (∼35◦S;
bounded by orange circle in subplot (g)). Subsequently, at ∼10:00 UT (20 AEST) after sunset,
significant NE-SW aligned MSTID structures (0.32 TECU) are observed at higher latitudes
(∼35◦S) of Australia (summer), propagating northwestward. In the winter hemisphere
(Japan), conjugate irregularities aligned in NW-SE caused by the interhemispheric coupling
appear at higher latitudes (∼45◦N; circled by the blue line in subplot (i)) at around 11:15 UT
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Fig. 4.14 Same as Figure 4.9 but for 26 December 2019 (DOY 360), snapshots of TECP
maps at various time epochs from 6:00 to 14:00 UT. Gray dashed lines represent the magnetic
dip at ±50◦, solid orange and blue circles indicate the geomagnetic conjugate regions over
Australia (summer) and Japan (winter), black solid line represents the solar terminator,
rectangle bounded by gray solid line indicates the region where irregularities occur before
sunset, black dashed lines indicate the alignment azimuths of the apparent frontal structures,
gray arrows denote the drift direction.
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(20:15 JST), and then propagate to lower latitudes (∼35◦N; circled by the blue line in subplot
(j)) at around 12:00 UT (21:00 JST). The MSTIDs in different hemispheres are symmetric
about the magnetic equator, sharing similar phase velocities of ∼100 m/s and propagating
toward equator-westward direction. From 11:15–13:00 UT, the tilted irregularities over Japan
(winter) develop to obvious wavelike structure. Still, the intensity of conjugate MSTIDs is
larger in the summer hemisphere (0.42–0.60 TECU) than the winter hemisphere (0.15–0.34
TECU). At around 14:00 UT, the conjugate MSTIDs over Japan (winter) develop to the
maximum intensity close to (but less than) that in Australia (summer).

Fig. 4.15 Same as Figure 4.10 but for 26 December 2019 (DOY 360). (a–b) Time variation
of TECPs in E and F shells along the northeast–southwest red dashed line over Japan in
Figure 4.8(b). (c–e) E-region reconstruction results of FFT in different time periods. (f) Time
variation of the standard deviation of TECPs (σP) in different hemispheres.

Same as Figure 4.10 but for 26 December 2019 (DOY 360), Figure 4.15 show the time
variation of E- and F-region TECPs at E- and F-shell heights, the E-region reconstruction
results of FFT, and the standard deviation of TECPs (σP) in different hemispheres. For this
event, in the analyzed region with most data points over Japan (winter), evident downward-
sloping stripes occur after ∼12:00 UT at the F-shell height, and reach the maximum intensity
at around 14:00 UT. However, at the E-shell height, noise or the mixture of noise and low-
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amplitude irregularities dominate, especially when the irregularity intensity is high in the
F region. Similar cases were reported in the simulation section 3.3.2, where the E-region
reconstruction performance deteriorates if strong irregularities exist in the F region and weak
irregularities exist in the E region. The low development of E-region disturbances during
this time period has also been verified by the FFT analysis on the E-region reconstruction in
subplots (c–e), where no weak phase fronts are lurking within the noise. That is to say, in the
winter hemisphere (Japan), the Es layer does not have a significant effect on the MSTIDs
in the F region through local E-F coupling. This phenomenon coincides with the inference
obtained from the hemisphere-coupled simulations in Yokoyama (2014); that MSTIDs in the
winter hemisphere may be driven by the irregularities in the summer hemisphere through the
hemisphere-coupled electrodynamics.

The standard deviations of TECPs (σP) in different hemispheres on 26 December 2019
(DOY 360) are plotted in subplot (f) to indicate the time variation of irregularity intensity.
Results indicate that irregularities are continuously observed over Australia (summer) but
with a reduction in amplitude after ∼14:00 UT; over Japan (winter), MSTID structures
form after ∼11:15 UT, and develop to the maximum intensity at around 14:00 UT; the
conjugate MSTIDs in the Japan (winter) decay more rapidly compared to MSTIDs in
Australia (summer). It is important to note that at around 14:00 UT when σP reaches its
maximum in both hemispheres, the MSTID intensity is still larger in Australia (summer)
but the sparse data points limit the exact representation of the intensity. Compared to the
variation of σP in Figure 4.10, the maximum amplitude of disturbance (σP) over Japan is
reduced by half, while that over Australia region is doubled.

To obtain more information on E-region activity in both hemispheres, the ionosphere
parameters foEs and fbEs were plotted in Figure 4.16 as in Figure 4.11, but for event 26
December 2019 (DOY 360). The time is from 5:00 to 18:00 UT. Gray dashed lines represent
the duration of the perturbations over the region with most data points in Japan (winter),
as in Figure 4.15. Similar to the Es-layer variation in the winter hemisphere discussed in
the previous section, frequently observed Es layers with small amplitudes (foEs<5 MHz,
foEs-fbEs<2.5 MHz) over Wakkanai, Kokubunji and Yamagawa show reduced foEs (<3
MHz) and foEs-fbEs (<1 MHz) values during the interhemispheric coupling process. The
ionograms over Wakkanai, Kokubunji, and Yamagawa during 12:00–15:30 UT further
validate the results obtained by using the double-thin-shell approach in Figure 4.15 (a–b),
i.e., the Es layer has a very low development during the conjugate MSTIDs in the winter
hemisphere (Japan). In the Southern Hemisphere (summer), as observed by the ground-based
GNSS-TEC in Figure 4.14, ionospheric F-region irregularities occur over Australia before
sunset. Before 9:00 UT (19:00 AEST), sporadic and blanketing E layers over Townsville and
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Fig. 4.16 The ionosonde measurements from Wakkanai, Kokubunji, Yamagawa, Canberra,
Townsville, and Darwin, comprising of foEs and fbEs from 5:00 to 18:00 UT on 26 December
2019 (DOY 360). Gray dashed lines are the same as Figure 4.15, representing the duration
of perturbations over the region with most data points in Japan.

Darwin at lower latitudes are frequently observed in the ionograms, which may be associated
with the daytime sporadic E activity or the irregularities observed before sunset. At 9:00 UT,
both foEs and the difference between foEs and fbEs show enhancement over the Canberra
ionosonde, followed by the formation of distinct NE-SW aligned frontal structures in this
region as shown in Figure 4.14(g–h), from which the occurrence of E-F coupling in the
Southern Hemisphere can be inferred. Subsequently, in Figure 4.16(e–f), after the onset of
local E-F coupling, the Es layers coupled with MSTIDs are observed at lower latitudes, at
13:30 UT, over Townsville and Darwin. It is worth noting that, at around 9:00 UT, the foEs
(<6 MHz) and foEs-fbEs (<3 MHz) in the summer hemisphere (Australia) on DOY 360 in
Figure 4.16 are significantly less than those on DOY 210 in Figure 4.11. One reasonable
explanation is that the Es plasma density is higher in Japan (Northern Hemisphere) around
the June solstice than in Australia (Southern Hemisphere) around the December solstice (Wu
et al., 2005), and the E-region conductivity near the solar terminator is still large enough to
short out the polarized electric field. Or, the presence of MSTIDs seeded by AGWs may have
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generated favorable conditions to the development of the Perkins instability, e.g., enhanced
background electric field (Yokoyama, 2014), which makes the effects of Es layer in the E-F
coupling become less pronounced.

Fig. 4.17 (a–b) Gray (dark blue) solid lines are traces of COSMIC occultation tangent points
in F (E) region, gray dots are locations of maximum electron density along each trace, orange
and blue circles indicate the conjugate regions in the summer and winter hemispheres. Purple
and blue solid lines represent the traces of Swarm satellites and ICON-MIGHTI neutral
winds, respectively. Background is the ground-based GNSS-TECP map at 9:15 UT on 26
December 2019 (DOY 360). (c–d) Meridional and zonal wind profiles (positive northward
and eastward) measured by ICON-MIGHTI at the same locations above. (e–h) Results of
COSMIC constellation vertical electron density profiles at different epochs.

Same as Figure 4.12 but for 26 December 2019 (DOY 360), Figure 4.17 (a) shows the
2-D TECP map at 9:15 UT (19:15 AEST) and traces of space-based observations including
Swarm (purple lines), COSMIC (gray and dark blue lines) and ICON-MIGHTI (blue line).
At around 9:15 UT, the NE-SW aligned frontal structures start to form and develop at
higher latitudes in the summer hemisphere (Australia; in the vicinity of the orange circle
region), while no irregularities are observed by GNSS-TEC in the winter hemisphere (Japan).
Subplots (c–d) show the meridional and zonal wind profiles (positive northward and eastward)
measured by ICON-MIGHTI at the locations shown by the blue solid line in subplot (b).
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As observed in Figure 4.14, at 9:15 UT the solar terminator is crossing Australia. Due to
the high activity of AGWs in the solar terminator (Forbes et al., 2008), the ICON-MIGHTI
data along this trajectory have many blanks: Otsuka (2021) briefly discusses that the vertical
wavelength of AGWs is affected by the background neutral wind, with waves propagating
against the background winds exhibiting longer intrinsic vertical wavelength and reaching
higher altitudes. In due process, to conserve kinetic energy, the amplitude of the neutral wind
oscillation increases (which in return affects the air-glow profiles). Therefore, we think, it is
this rapid variation in the profiles that leads to increased error in the retrieved wind data, thus
rendering the data unusable. The data continuity is good on the dusk side (110◦E–135◦E), and
the results indicate that at ∼200-km altitude, the equatorward and westward neutral winds
prevail over this area before sunset. On the night side (135◦E–160◦E), the thermospheric
winds show great fluctuations. However, we found that on the night side, the neutral wind
conditions in the E region can support the generation of the Es layer, since wind shear is
observed in both meridional and zonal directions over this area (Haldoupis, 2012). In fact,
this wind shear indeed amplified the Es layer: as shown in Figure 4.16, over Darwin in the
vicinity of the observation area, (foEs-fbEs) show enhancement (from <1 to 1.7 MHz) at
around 9:40 UT after sunset. In addition, no significant electron density perturbations caused
by Es layer are observed by COSMIC occultation for this MSTID event. Since GNSS-TEC
observations are sensitive only to ionospheric irregularities with high electron density (or
large foEs) (Maeda and Heki, 2014), occultation events at ∼9:00–10:00 and 15:00 UT do
not capture the weak Es layers (∼4 MHz) observed by Townsville and Darwin ionosondes,
even in RO4 event close to Darwin.

Figure 4.18 (a–h) shows the observation results of in situ electron density, dBL, dBφ ,
and dB||, from Swarm satellites along the traces in Figure 4.17 (a), at around 9:00 UT on
26 December 2019 (DOY 360). The derivation method of the residual magnetic field is the
same as that used for Figure 4.13. At higher latitudes in the Northern Hemisphere (winter)
beyond GNSS detection (>55◦ magnetic dip; within the blue circle region in Figure 4.17(a)),
drops and perturbations in electron density are observed without accompanied MMFs. We
think this structure may be the results of nighttime mid-latitude ionospheric trough, which
is mainly driven by neutral winds (He et al., 2011). In the Southern Hemisphere (summer),
relatively moderate electron density variations are detected at -40◦– -30◦ magnetic dip, which
could be the same disturbances seeded by AGWs before sunset as shown in Figure 4.14(e).
The speculation of AGWs is supported by the thermospheric wind observations in Figure
4.17(c–d), wherein significant variations exist in the lower thermosphere (∼200 km in both
meridional and zonal directions). Near this region, the AGWs would presumably be the
strongest since AGWs propagating against the background winds can propagate vertically to
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Fig. 4.18 (a–b) In situ electron density, and radial (dBL), zonal (dBφ ), and parallel components
(dB||) of residual magnetic fields observed by the Swarm A and C satellites along the traces
in Figure 4.17, on 26 December, 2019 (DOY 360). (i–j) A scatter of the variation in magnetic
field perpendicular components (left), and electron density with parallel magnetic field
variation (right) during this nighttime MSTID event. The orange and blue dots correspond to
the observations in summer (Australia) and winter (Japan) hemispheres, respectively.
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higher altitudes and then weaken due to viscosity and thermal conductance (Pitteway and
Hines, 1963). Due to the limited distribution of GNSS distribution, this irregularity structure
is not observed by GNSS-TEC in Figure 4.17(a). The fluctuations caused by this irregularity
are observed in both perpendicular (dBL, dBφ ) and parallel (dB||) components of residual
magnetic fields in the conjugate regions (∼±37◦ magnetic dip) of both hemispheres, as
shown in Figure 4.18 (c–h). However, different from the results in Figure 4.13, the intensity
and magnitude of these magnetic field fluctuations in the summer hemisphere (Australia) are
significantly greater, which could be caused by the differences in ionospheric conductivity
and electric field between these two geomagnetic conjugate regions (Park et al., 2009b). That
is, MMFs amplitudes are related to field-aligned currents which are dependent to effective
electric field (E∗ = E+U×B) and ionospheric conductivity, that are larger in the summer
hemisphere since the F-region conductance is proportional to the plasma density (Lee et al.,
2021) and equatorward wind (U) which is larger in the summer hemisphere (Tepley et al.,
2011).

In the GNSS-TEC observations of Figure 4.17(b), at -65◦– -60◦ magnetic dip (within the
orange circle region) in the Southern Hemisphere (summer) before sunset, MSTIDs form with
a small amplitude. In the subplot (a) of Figure 4.18 at around 9:15 UT, small-scale undulations
of in situ electron density are also observed by Swarm A satellite in the corresponding region.
However, compared to the developed MSTID structures at lower latitudes (-35◦ magnetic
dip), fluctuations with large wavelengths but small intensities are observed only in dBφ and
dB|| in geomagnetic conjugate regions. The fact that no corresponding perturbations in dBL

indicates that the field-aligned currents are small in the initial phase of MSTID development,
and the perturbations in dBφ could be related to the apparent zonal propagation of AGWs
caused by solar terminator (Forbes et al., 2008; Miyoshi et al., 2009). Subplots (i–j) in
Figure 4.18 show a scatter of the variation in magnetic field perpendicular components
(left), and electron density with parallel magnetic field variation (right), during the nighttime
MSTID event on 26 December, 2019 (DOY 360). The orange and blue dots correspond to
the observations in summer (Australia) and winter (Japan) hemispheres, respectively. The
orange and blue dots correspond to the observations in summer (Australia) and winter (Japan)
hemispheres, respectively. From Figure 4.18, negative correlations between electron density
and parallel magnetic field variation are observed in both hemispheres (r=-0.86 and -0.79 for
the summer (Australia) and winter (Japan) hemispheres, respectively); dBL and dBφ show
anti-correlation in the summer hemisphere (Australia; r=-0.75) and correlation in the winter
hemisphere (Japan; r=0.63). Although the correlation/anti-correlation is still weaker in the
winter hemisphere compared to the summer hemisphere, the performance is much improved
compared to the results in Figure 4.13, especially in the perpendicular components (dBL and
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dBφ ). I suggest that such ionospheric background conditions (e.g., effective electric field)
may favor the Perkins instability growth (as described in Equation 2.30) and persist for some
time (until the maximum amplitude of MSTIDs at around 14:00 UT), which subsequently
lead to the formation of geomagnetic conjugate MSTID structures in the winter hemisphere,
with maximum amplitudes close to those in the summer hemisphere.

4.3 Discussion

Controlling role of Es in the summer hemisphere

This study has simultaneously analyzed the nighttime mid-latitude E- and F-region 2-D
structuring and evolution when electrodynamic influenced irregularities (Es and MSTIDs)
are present. According to the reconstructed results, geomagnetic conjugate MSTIDs aligned
in NW-SE (NE-SW) were simultaneously observed in the Northern (Southern) Hemisphere;
over Japan area, irregularities with similar NW-SE alignments and propagation parameters
were also observed in both E and F region. As described in Section 2.4, the Es-layer instability
and Perkins instability are two mechanisms that can explain the ionospheric irregularities
with directional preference (Cosgrove and Tsunoda, 2004; Perkins, 1973); the Es layers play
an important role in amplifying the Perkins instability, and the fastest growth of the coupled
instability occurs when the unstable conditions on NW–SE perturbation are satisfied in both E
and F regions (Yokoyama et al., 2009). Yokoyama (2014) suggested that MSTIDs observed in
the winter hemisphere may be driven by the Es layer in the summer hemisphere. Narayanan
et al. (2018) have found that the presence of Es layers in one hemisphere is sufficient enough
to form conjugate MSTIDs. Lee et al. (2021) concluded that conjugate MSTIDs in the winter
hemisphere are associated with MSTIDs in the summer hemisphere; the summer hemisphere
MSTIDs are related with the occurrence of Es in the summer hemisphere. Corroborating the
earlier analyses and expositions on the morphology and dynamics in the coupling process
obtained through observation and simulation (Liu et al., 2019; Saito et al., 2007; Yokoyama
et al., 2009), the reconstruction results by using GNSS-TEC and a double-thin-shell approach
(Figure 4.3, 4.7, 4.10 and 4.15) indicate that during the nighttime MSTID event, Es layers
were observed only in the summer hemisphere and appear ∼30 min earlier than the MSTIDs
in the F region; in the summer hemisphere, the coupled E- and F-region irregularities share
similar alignment, propagation direction, and phase velocity, and are related to each other
through a magnetic field line; conjugate MSTIDs in the winter hemisphere appear later and
disappear earlier than the MSTIDs in the summer hemisphere. These results further support
the evidence that the F-region conjugate structures in both hemispheres are mainly driven
by the Es layer in the summer hemisphere through local E-F coupling and interhemispheric
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coupling. Furthermore, it might be also reasonable to assume that the phase velocity of
geomagnetic conjugate structures are controlled by the E-region neutral wind velocities in
the summer hemisphere due to the comparable velocities and the important role of E-region
meridional wind in MSTID propagation (Larsen, 2002; Yokoyama et al., 2009). Earlier
simulation works of Tsunoda (2006) and Yokoyama et al. (2009) emphasized the contribution
of the neutral winds in the Es layer on the MSTID propagation: even without the background
electric field, the rotational wind shear in the E region produces southwest phase propagation
in both E and F regions for the NW-SE structures; however, these structures are stationary if
the E-region meridional wind is absent.

Difference in MSTID structuring and development

In Figures 4.1 and 4.5, the Es structures on 23 June 2012 (DOY 175) (before 22:00 JST)
and 11 June 2007 (DOY 162) have similar horizontal scales. However, the horizontal scale
and intensity of MSTID structures in Figure 4.5 are smaller than those in Figure 4.1. This
difference in MSTID structuring and development in the summer hemisphere ought to depend
on several factors that include the F-region background condition, the Es-layer intensity, and
the duration of Es layer formation.

For MSTID event on 23 June 2012 (DOY 175), preexisting turbulences that cannot be
captured by GNSS-TEC have possibly perturbed the E (e.g., neutral wind shear) and F
regions (e.g., gravity wave). In Figure 4.3, the E- and F-region irregularities detected by
GNSS-TEC both develop after ∼19:30 JST. However, the irregular structures in E and F
regions reach the maximum amplitude at around 20:15 JST (∼1.5 TECU) and 22:00 JST (∼2
TECU), respectively. The much shorter time scale of the well-developed Es may be due to
the thinner Es layer, the larger growth rate of the Es-layer instability (Cosgrove and Tsunoda,
2004), and the weak polarization electric fields from the F region (Cosgrove, 2013). During
20:30–22:30 JST, the intensity of the Es layer reduced slightly, but the amplitude of F-region
wave-like structures increase rapidly and reach the maximum. This fast development of
irregularities in the F region could be attributed to the amplification of Perkins instability by
large polarization electric fields via geomagnetic field lines, since the E-region irregularities
determined by the double-thin-shell approach have a typical horizontal scale of ∼150 km,
which is able to produce polarization electric fields on this scale at nighttime with more
rapid onset of non-linearity (Cosgrove, 2013). At 22:15 JST, after the larger scale NW–SE
structures are developed in the F region, the enhanced amplitude and elongated scale length
of Es layer could result from the reinforced Es-layer courtesy of the polarization electric
fields mapping from the F region (Yokoyama et al., 2009).
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In a similar time period (∼19:00–24:00 JST) on 11 June 2007 (DOY 162), MSTID
structures with smaller horizontal scale and intensity, and a similar duration of structure
formation of Es and MSTIDs, were observed. In Figure 4.7, the evident downward-sloping
stripes in the E region appear ∼10 min earlier, a time scale that agrees with the simulation
results of the F-region response in the early stage of E–F coupling process (Cosgrove, 2007;
Yokoyama et al., 2009). As discussed in Section 4.1.2, the lower heights (<300 km) of
the F-region irregularities, which could be caused by the poleward (or weak equatorward)
neutral wind, can limit the instability structuring and amplitudes (Narayanan et al., 2014). In
addition, the weaker Es layer (∼20% maximum amplitude decrease compared with 23 June
2012 (DOY 175)) on 11 June 2007 (DOY 162) can cause lower growth rate of the variation
of the integrated Pedersen conductivity in the F region, which delays the development of
MSTID structures (Yokoyama et al., 2009). Using GNSS-TECPs with a double-thin-shell
approach, the time scale of the full development of Es-layer structuring is about 160 min
(from ∼18:50 to 21:30 JST), which is about 100 min larger than that on 23 June 2012 (DOY
175) (from ∼19:30 to 20:15 JST). Less sharp perturbation gradients in the E region on 11
June 2007 (DOY 162) produce smaller polarization electric fields associated with gradient
drift instability (Cosgrove, 2013), which can lead to the perturbation related to the Perkins
instability tending to saturate at a smaller amplitude. Even so, the Es-layer instability still
amplified the Perkins instability on 11 June 2007 (DOY 162): the time scale for producing
large modulations in the F region has been shortened to about 1.5 h (from ∼19:00 to 20:30
JST) from 2 to 3 h (without an Es layer) (Cosgrove, 2007). This mechanism could also be an
explanation for the smaller intensity MSTIDs before sunrise on 23 June 2012 (DOY 175) in
Figure 4.3, and after sunset on 29 July, 2019 in Figure 4.10.

Decrease in Es-layer intensity in the winter hemisphere

From ionosonde observations in Figure 4.11 and 4.16, continuous Es layers with small
amplitudes (foEs<3 MHz) in the winter hemisphere show further intensity reduction and
dissipation after the interhemispheric coupling. In fact, in earlier works, e.g., Narayanan et al.
(2018), the amplitude reduction and dissipation of Es may have been observed. However, the
limited observation area in comparison to the scale of MSTIDs limited their conclusions on
the temporal relationship between the occurrence of Es and MSTIDs. Further investigations
have shown that under quiet conditions, the vertical structure of electric field arising from
sunset electrodynamic processes can result in the enhancements or disruption of Es layer
(Abdu et al., 2014): at nighttime, when E region conductivity is significantly reduced, and
the closure path for the wind-driven currents in the F region is limited, the ions drift with the
neutral gas to reduce the collisional force. Thus, the distribution of winds and conductivity
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will subsequently modify the distribution of ionization and thereby change the ionospheric
conductivity and the ion drag on the neutral gas (Heelis et al., 2012). Then, in the E region,
the polarization electric field will be larger in the zonal direction (E p

x ≈ σH
σP

Ey; the Hall-to-

Pedersen conductivity ratio
(

σH
σP

)
is large in the E region (Haldoupis et al., 2003)), and its

final value depends on the polarization field established in the meridional direction and the
current-closure system coupled to the F region through the field-aligned currents (Haldoupis
et al., 2003, 1996). Now, if the integrated Pedersen conductivity in the region above Es is
comparable to that within the Es patch, the polarized electric field will be reduced accordingly
(Haldoupis et al., 2003). In addition, the variation of the integrated Pedersen conductivity in
the F region is large during the MSTID formation (Yokoyama et al., 2009). Therefore, the
preexisting Es layer is easier to show intensity reduction or even dissipation in the winter
hemisphere, with a reasonable inference that the polarization electric field within the small-
amplitude Es layers (foEs<3 MHz, foEs-fbEs<1 MHz) is small, and the integrated Pedersen
conductivity within Es is easily comparable to that above Es when interhemispheric coupling
occurs.

For the MSTID event on 29 July 2019 (DOY 210), only small-amplitude conjugate
structures formed in the F region. Es layers in the winter hemisphere (Australia) start to
show intensity reduction and dissipation when conjugate MSTIDs move over the region.
During this period, poleward meridional wind could be dominant in the Southern Hemisphere
(winter), as it can push the plasma to lower altitudes where enhanced recombination occurs,
thus reducing the amplitude of conjugate structures and enhancing the Pedersen conductance
(Shiokawa et al., 2003b). For another event on 26 December 2019 (DOY 360), conjugate
MSTIDs in Japan (winter) develop to a maximum amplitude close to that in Australia
(summer). In such cases, equatorward thermospheric winds in both hemispheres can be
inferred during the formation of conjugate MSTIDs, which favor the MSTID generation
(Yokoyama, 2014). However, in the solstice period, meridional thermospheric winds at
midlatitudes are not perfectly symmetric and often have a trans-equatorial component from
summer to winter hemisphere (Tepley et al., 2011). Of course, the smaller equatorward wind
in the winter hemisphere results in a larger Pedersen conductance in that hemisphere, but
certainly not with the same effect as the poleward wind. For this event, Es layers in the
winter hemisphere (Japan) start to decrease in amplitude (∼12:00 UT) about 1 hour after the
appearance of conjugate irregularities over Japan (∼11:15 UT), i.e., when conjugate MSTIDs
develop to a certain magnitude. Based on the above results, I suggest that the variation in
integrated Pedersen conductivity leading to decrease in amplitude or even dissipation of the
low-amplitude Es layer in the winter hemisphere is influenced by conjugate MSTIDs and
thermospheric winds (in that hemisphere), but the former is more pivotal. Due to the nature
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of our results and sensitivity of data used in analysis, we could not ascertain the impact of
a dissipating weak Es-layer (in winter hemisphere) on the summer hemisphere dynamics.
However, based on previous simulation results, e.g., Yokoyama (2014), this impact would be
limited on the Es in the winter hemisphere.

Thermospheric wind

Thermospheric winds could play an important role in the MSTID generation and development,
since the effective electric field (U×B) dominants the linear growth rate of Perkins instability,
as described in Equation 2.30. These winds are not significantly affected by the MSTID
formation because the time constant of the ion drag affecting the neutral wind is usually larger
than the period of MSTIDs (Narayanan et al., 2018). At night when the E region conductivity
is small, the thermospheric wind dynamo fluctuations can produce polarization electric fields
in the F region; partially shorted out by the conductivity in the local E region or conjugate
hemisphere (Buonsanto and Foster, 1993; Chen et al., 2020). Usually this phenomenon is
accompanied by equatorward meridional winds (Buonsanto et al., 1990): which has been
validated by the thermospheric wind measurements made with the Fabry-Perot interferometer
(FPI) (Narayanan et al., 2018). Yokoyama (2014) have found through simulations that NW-
SE (NE-SW) oriented MSTIDs occur simultaneously in geomagnetic conjugate regions of
the Northern (Southern) Hemisphere, if F-region neutral wind satisfies the unstable condition
(equator-eastward) in both hemispheres and a sporadic-E layer is given only in the summer
hemisphere.

Fig. 4.19 Thermospheric wind measurements over Darwin on 26 December, 2019 (DOY
360).

From the subplot (f) in Figures 4.10 and 4.15, the similarity of σP variation curves
and the difference in amplitude between July and December in Japan may imply that
local thermospheric wind conditions play an important role in determining the level of
MSTID activity. On 26 December 2019 (DOY 360), in Australia (summer), NE-SW
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aligned MSTIDs form at around 9:00–10:00 UT. From FPI observations over Darwin (https:
//stdb2.isee.nagoya-u.ac.jp/omti/data/html/fp04/2019/FP042191226_wind.html), equator-
eastward meridional winds were observed (maximum at ∼12:00 UT) and turned zero or weak
poleward at about 14:00 UT, as shown in Figure 4.19. After the rapid reduction or redirection
of meridional wind at 14:00 UT, MSTIDs in the summer hemisphere show a decrease in
both amplitude and scale. In the Northern Hemisphere (winter), NW-SE aligned conjugate
MSTIDs propagate to Japan at around 11:15 UT; after 2-3 hours of development, conjugate
MSTIDs develop to an intensity close to that of the summer hemisphere; subsequently, the
intensity of conjugate MSTIDs decreases rapidly. We infer that the thermospheric winds in
the Northern Hemisphere (winter) are most likely equator-eastward during 11:15–14:00 UT;
after 14:00 UT, the thermospheric winds in both hemispheres show a decrease in amplitude
and a shift in direction; the intensity of conjugate MSTIDs in Japan (winter) decreases with
a much larger rate than that in Australia (summer), which could be related to the decou-
pling of the winter hemisphere from the summer hemisphere. As for the other event on
29 July 2019 (DOY 210), as I previously inferred, poleward meridional winds prevail in
the winter hemisphere , which is unfavorable for Perkins instability. Under such condition,
only conjugate MSTIDs with a small amplitude were observed in the winter hemisphere.
The generation of this conjugate structure could be associated with the effective U×B
background electric field in the hemisphere coupled ionosphere (Narayanan et al., 2018).
Moreover, from Figures 4.13 and 4.18, I can also infer that ionospheric background condi-
tions in the winter hemisphere can in turn affect the field-aligned current sheets associated
with NW-SE aligned MSTID structure in the summer hemisphere. The correlation coefficient
for perpendicular components (dBL and dBφ ) in the summer hemisphere is -0.35 on 29 July
2019 (DOY 210) when ionospheric background conditions in the winter hemisphere are not
favorable for Perkins instability, but improved to -0.75 on 26 December 2019 (DOY 360)
when ionospheric background conditions in the winter hemisphere satisfy the conditions
for Perkins instability. Similar cases were also observed by simulation in Yokoyama (2014)
that even if the instability conditions are satisfied in the summer hemisphere, unfavorable
F-region thermospheric winds in the winter hemisphere will largely suppress the growth of
MSTIDs in both hemispheres.

Amplitude asymmetry of conjugate MSTIDs

For both events, the MSTIDs were observed more intense in the summer hemisphere. Several
factors could be associated with the amplitude asymmetry of conjugate MSTIDs in different
hemispheres, e.g., thermospheric wind and non-equipotential magnetic field line. Narayanan
et al. (2018) found that the amplitude of conjugate MSTIDs tend to differ in different

https://stdb2.isee.nagoya-u.ac.jp/omti/data/html/fp04/2019/FP042191226_wind.html
https://stdb2.isee.nagoya-u.ac.jp/omti/data/html/fp04/2019/FP042191226_wind.html


4.3 Discussion 83

hemispheres particularly in the later hours after their formation. Our GNSS observations on
29 July 2019 (DOY 210) further validated this conclusion, because the conjugate MSTIDs
in the winter hemisphere maintain a weak development, while the amplitude difference
reaches its maximum when the MSTIDs in the summer hemisphere develop to the maximum
intensity after a few hours. In addition, for the event on 26 December 2019 (DOY 360)
when thermospheric winds satisfy the Perkins instability in both hemispheres, this amplitude
difference is more pronounced in both early and late stages of MSTID development in the
winter hemisphere, often greater than 50%.

As we inferred previously in the last section, in the winter hemisphere, the meridional
components of thermospheric winds are poleward on 29 July 2019 (DOY 210) and weak
equatorward (compared to the summer hemisphere) on 26 December 2019 (DOY 360),
respectively. Compared to the condition in the summer hemisphere, the meridional winds in
the winter hemisphere will push plasma to the lower altitudes where recombination enhances,
thus reducing the ambient plasma densities and the amplitude of conjugate MSTIDs (in
return increasing the Pedersen conductivity). Moreover, magnetic field lines are not perfectly
equipotential after MSTID formation due to the current closure in the ionosphere through
field-aligned current (Yokoyama, 2014). As we discussed earlier, the Es layer in the summer
hemisphere drives the conjugate MSTIDs in both hemispheres. That is to say, the mapping
efficiency of polarization electric field should be higher from E in the summer hemisphere
to the F region in the summer hemisphere than to the F region in the winter hemisphere
(Yokoyama, 2014). In such cases, the finite mapping efficiency of an electric field from
the summer hemisphere to the winter hemisphere should be considered, which is positively
related to the spatial scales of irregularities and negatively related to the integrated Pedersen
conductivity (Farley Jr, 1959; Yokoyama et al., 2004). Therefore, the combination effect of
mapping efficiency and thermospheric wind may reduce the polarization electric field in the
winter hemisphere, leading to a weakening of the amplitude of conjugate MSTIDs in the
winter Hemisphere.

Further, the slower growth rate of conjugate MSTIDs in the winter hemisphere may also
be caused by the weaker polarization electric field mapping from the summer hemisphere.
From Figure 4.14 and 4.16, E-F coupling process in Australia (summer) started at ∼9:00 UT
and distinct NE-SW aligned structures were observed at ∼10:00 UT (0.32 TECU). In the
opposite hemisphere, conjugate irregularities were first observed over Japan at ∼11:15 UT
and formed wavelike structures over this area at ∼13:00 UT (0.30 TECU). That is, in the
winter hemisphere, the smaller F-region conductivity and effective electric field U×B may
lead to a smaller growth rate of the coupled instability (Es-layer instability coupled to Perkins
instability; as shown in Equation 2.32a. Thus, the time required for the growth of Perkins
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instability in the winter hemisphere through interhemispheric coupling is longer (about one
hour) than that in the summer hemisphere that is amplified through local E-F coupling.



Chapter 5

3-D Tomography for Ionospheric
Irregularities

In the previous section, the 2-D structures of Es and MSTIDs have been well studied by
using the double-thin-shell model and GNSS-TEC measurements. Although such results
are encouraging, the missing height dimension in these 2-D analyses may pose limitations
on the information that we can infer. Therefore, a continuous and broad 3-D distribution of
ionospheric electron densities (IEDs) is required. However, the fidelity of most tomography
techniques is biased toward the reconstructions of F region, dominant in electron density
concentration of the ionosphere, and with the utmost hindrance to trans-ionospheric radio
waves; the thin thickness of Es and representation errors in tomography make the 3-D
reconstruction of the coupled ionosphere a challenge. That is to say, the reconstruction of
Es is pivotal for the tomography of the nighttime E-F coupling. In response to this, a novel
3-D tomography method should be developed. In this chapter, the 3-D structure of daytime
sporadic E was first reconstructed, and similar methods were then applied to the tomography
for nighttime E-F coupling.

5.1 Computerized Ionospheric Tomography

Computerized ionospheric tomography (CIT), first proposed by Austen et al. (1988), has
been used for reconstructing IED distributions in a vertical plane from a large number of
irregularly sampled GNSS-TEC measurements. Since GNSS signal intersects many altitudes
of the ionosphere, a 3-D representation of its structure is enabled with CIT. Usually, CIT
follows the voxel-based model, which divides the 3-D ionosphere into different voxels, as
shown in Figure 5.1. Ill-posedness and ill-conditionedness are some of the major challenged
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due to an irregular distribution of GNSS satellites and receivers within the region of interest:
some voxels are not traversed by any satellite-receiver rays, and the discrete approximation
to the integral leads to IED being very sensitive to errors contaminated in TEC data. The
early development and improvement of different CIT methods were made to solving these
thorny problems (e.g., Raymund et al., 1990; Saito et al., 2017; Ssessanga et al., 2015). Lu
et al. (2021a) and references therein have conducted a comprehensive review on the CIT
development and confirmed the effectiveness of CIT in the 3-D ionosphere reconstruction.

Fig. 5.1 Schematic diagram of the 3-D ionosphere under the voxel-based model.

In the voxel-based model, the 3-D regional volume to be imaged is divided into n voxels,
and each voxel ( j) is assumed to have an unknown uniform distribution of electron densities
x j. Then STEC (yi) corresponding to the satellite-receiver ray signal path is represented as a
finite sum over the voxels

yi =
n

∑
j=1

ai jx j + ei (5.1)

where ai j is the length of the ray in intersected voxel ( j), otherwise zero; ei represents both
instrumental and representative errors. For many STEC (⃗Y ), Equation (5.1) is expressible in
a compact matrix form as

Y⃗ = AX⃗ + E⃗ (5.2)

Of course, the fact that E⃗ exists in Equation (5.2) and in practice due to satellite-ground
receiver geometric constraints and restrictions on exposure time to avoid averaging dynam-
ics, the number of measurements (m) is generally much less than the required number of
unknowns (n). Therefore, solving Equation (5.2) necessitates a different approach than a
direct matrix inversion. A rich literature exists on different methods that could be employed
to obtain X⃗ that minimizes the error (E⃗). For example, the ill-conditionedness of CIT can be
reduced by using algebraic method (e.g., iterative reconstruction (Austen et al., 1988), SVD
(Hong et al., 2017)), statistical approach (e.g., Kalman Filtering (Scherliess et al., 2004),
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Bayesian estimation (Norberg et al., 2015)) and artificial neural networks (Granat and Na,
2000) in equation solving or result estimation. Furthermore, some additional information
from multiple instruments (e.g., Chartier et al., 2012; Rius et al., 1997; Ssessanga et al., 2021)
and virtual data (e.g., Lu et al., 2021b; Yao et al., 2014) can also be assimilated to reduce the
condition number thus mitigate the ill-posedness of CIT.

5.2 3-D Tomography for Daytime Sporadic E

Sporadic E (Es) are electron density inhomogeneities manifested in the ionospheric E region.
At mid-latitude area, during the daytime, Es is suggested to occur due to reinforced metallic
(of meteoric origin) ionization in altitude range ∼95–120 km (e.g., Whitehead, 1989). The
details of Es were described in Section 2.3. As previously mentioned, the success of
tomography for Es is crucial for the 3-D reconstruction of nighttime coupling process. In
this section, a novel tomography has been developed to obtain the spatial-temporal (4-D)
coverage of daytime Es to fully track the trajectory and distribution of plasma densities
during the formation and occurrence of Es. The Es events during the daytime are chosen
because E-region conductivity is generally high and short-circuits the polarized electric field
that facilitate the E-F coupling (Kelley, 2009). In such a case,sporadic E layer in the E region
is the object of most concern in the ionosphere.

5.2.1 Algorithm

There have been previous efforts to reconstruct the Es structure using GNSS. For example,
Muafiry et al. (2018) used the detrended STEC and a CIT technique with continuity con-
straints to regularize the least-squares inverse problem and separately generated different
block solutions of the 3-D structure of daytime Es over the Kanto and Kyushu Districts in
Japan. In each block, the resolutions were 0.16◦ in the north-south direction, 0.20◦ in the
east-west direction, and 30 km in the up-down direction. From the results, Muafiry et al.
(2018) were able to deduce that Es patches lie at an altitude of ∼100 km, and the horizontal
drifts corroborated earlier existing literature. Here, instead of applying ad-hoc constraints
to local regional blocks, here a two-step method that adapts ionosonde and ground-based
GNSS observations is used to reconstruct high-resolution 3-D maps of Es over the whole
mid-latitude Japan area. First, I reconstruct a more accurate F region structure and then
exploit the solution to estimate the 3-D Es structure.
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Step 1: F region reconstruction

Here, to reconstruct the ionosphere, especially in the F region with a high fidelity, a multi-
plicative algebraic reconstruction technique (MART) from the row-action iterative scheme
family is selected (Raymund et al., 1990). This is because MART is memory efficient and
ensures positivity, which is mandatory for ionosphere electron densities X⃗ . The high fidelity,
particularly in reconstructing F region densities with MART, have already been demonstrated
in Raymund et al. (1990) and Ssessanga et al. (2017). MART is implemented as

xk+1
j = xk

j

( yi

⟨⃗ai, X⃗k⟩

)λkai j/∥ai j∥
, j = 1,2,3 · · · ,N (5.3)

where a⃗i represents the ith row vector in matrix A; xk
j is the jth unknown at the kth iteration;

⟨⃗ai, X⃗k⟩ is the simulated TEC, an inner product of the ith row of A and a column of X⃗ values
at the kth iteration; λk is the relaxation factor selected in range 0 < λk < 1, set to 0.2 in this
work based on Raymund et al. (1990) and Ssessanga et al. (2017).

The computational procedure in Equation (5.3) requires an initial guess (X⃗0), which highly
influences the fidelity and the rate of convergence (Das and Shukla, 2011). This is one of the
weak points that MART suffers as a reconstruction algorithm. To improve fidelity, I estimate
a smooth x⃗0 from the observations (STEC), following the works of Raymund et al. (1990)
and Ssessanga et al. (2017): the 3-D regional ionosphere is assumed to be spanned by a set
of empirical orthogonal functions (EOFs) Φ. These are derived from an ensemble composed
of the ionosphere at different epochs that are representative of the regional ionosphere under
different conditions. The ensemble can be generated from an empirical model, here I used
International Reference Ionosphere (IRI)-2016 model, the details of which can be found
at Bilitza et al. (2017). To accurately represent F region peak densities, the International
Union of Radio Science (URSI) foF2 model recommended for ocean areas, and the newly
included improved hmF2 model (Satellite and Digisonde Model of the F2-Layer Height
(SDMF2)) (Bilitza et al., 2017; Shubin, 2015; Shubin et al., 2013) were triggered in the IRI
settings. For each epoch in one day that was analyzed, Φ was generated from an ensemble
of dimension n× 49, covering day time (06:00–18:00 JST), sampled at a 2-hour interval,
and spanning 7 days centered on a required day. At most, Φ constituted three orthogonal
functions that represented 98% of the ensemble power. From the above setting, the initial
guess is represented as X⃗0 = Φ⃗b, where b⃗ is a set of coefficients to be determined. According
to Equation (5.2), we can obtain

Y⃗ = AΦ⃗b (5.4)
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and the solution to the initial guess obtained as X⃗0 = Φ(AΦ)†⃗Y , where (AΦ)† denotes the
pseudo inverse of AΦ.

Step 2: E region reconstruction

Signal rays from GNSS satellites to ground-based receivers pass through the ionospheric D,
E, F regions and plasmasphere with significantly different contributions to daytime STEC.
I assumed the electrons in the signal ray paths concentrate in altitude ranging from 80 to
1000 km, since the D region is generally populated with relatively weakly ionized plasma
(Kelley, 2009), and the plasmasphere, particularly during the summer daytime in the northern
hemisphere, varies mildly and contributes up to 10% to the ground GNSS vertical TEC in
the mid-latitude area (Belehaki et al., 2004; Yizengaw et al., 2008). Therefore, the E region
contribution can be deduced as STECE ≈ STEC−STECF. For each ray, at a specific epoch,
STECF was estimated as an integral of densities along the line of sight through step-1 3-D
reconstructed ionosphere covering altitudes 180–1000 km. The STECE residues are then
utilized in the reconstruction of the E region structure covering 80–180 km in altitude.

Due to the relatively small thickness of the Es structure, a high vertical resolution is
needed to resolve the density distribution. However, in ground-GNSS data CIT analysis, the
accuracy in the vertical domain is low due to the lack of horizontal ray paths (Razin and
Voosoghi, 2016). To vertically constrain the solution, I again employ EOFs, but following
a different procedure from that discussed in step-1: different electron density ensembles
(Ens(thr)) were used to generate a family of subsets of EOFs(thr) assumed to span the E
region 3-D space at intervals/windows (thr) of 1 hour, covering the period 06:00–18:00 JST.
The Ens(thr) members were based on a Chapman model function (Chapman, 1931)

Ne = Nm ∗ exp
(

0.5∗
(
1− h−hm

H
− exp(−h−hm

H
)
))

(5.5)

which I could adjust so that the Es layer mimics a thickness of ∼2 km as depicted in rocket
(Whitehead, 1989) or GNSS radio occultation observations (Zeng and Sokolovskiy, 2010). h,
H, Nm and hm represent the height of any desired point along the profile, the scale height,
Es intensity and its height location (hmEs), respectively. To compose each Ens(thr), Nm and
hm were assumed from Gaussian distributions with moments (mean and standard deviation)
derived from manually scaled ionosonde Es observations (foEs and hmEs) covering 30 days.
The threshold for Es occurrence was 5 MHz (Aarons and Whitney, 1968). Yellow triangles
in Figure 5.2 show a network of four ionosondes considered in the analysis, i.e., stations
at Kokubunji (35.71◦N, 139.49◦E), Yamagawa (31.20◦N, 130.62◦E), Wakkanai (45.16◦N,
141.75◦E), and Okinawa (26.68◦N, 128.15◦E). Based on the work of Ssessanga et al. (2017),
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who utilized the same network of ionosondes and GNSS receivers, Kokubunji ionosonde was
found to be located in the region most data points and best CIT reconstructions. Thus, because
the aim is to additionally reconstruct a clear Es height variation, Kokubunji ionosonde data
were used in determining the standard deviation (σ ) of the hm distributions as follows: The Es
height within the interval, thr, was assumed to nearly remain stable from one day to the next
(Šauli and Bourdillon, 2008). Then for each thr and ionosonde in the network, I computed
a mean (µh) and standard deviation (σh), from which I derive the standard deviation of hm

Gaussian distribution for each ionosonde based on Kokubunji hmEs (hko
m ) as

σ =


0.5σh, |hko

m −µh| ≤ 0.5σh

2σh, |hko
m −µh| ≥ 2σh

σh, otherwise

(5.6)

To further emphasize the dominance of data from a region of most data points, in an Ens(thr)

of 1000 members, the contribution from different ionosonde distributions was reduced with
increasing distance away from the region of most data points: Kokubunji (40%), Yamagawa
(30%), Okinawa (20%), and Wakkanai (10%). In addition, from the NICT ionosonde
database, both automatic and manually scaled ionosphere parameters are accessible, but the
latter with a lower time resolution (1 hour) and better accuracy. Because our study is on
small-scale structures that demand a certain degree of preciseness, I selected manually scaled
observations for analysis.

Fig. 5.2 Distributions of GEONET stations (black dots) and ionosondes (yellow triangles).

The challenge in using the Chapman function was an appropriate selection of the scale
heights (H) that would reproduce the E region structure and the exact altitude of electron
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density peak. Heuristically, better results were obtained when some vectors in a selected
EOFs(thr) set were either emphasized or damped by a factor

Pi = e−EOF(thr)i/SF (5.7)

where Pi is the scale size of ith radial orthogonal basis vector in EOFs(thr) and SF is a learned
scale factor. Note that I are not changing the direction of the basis vectors but rather the
amplitude; this analysis is further discussed in the next section.

To reconstruct the 3-D E region structure (X⃗ te
E ) at a particular epoch (te), I solved a system

Y⃗ te
E = Ate

E X⃗ te
E + E⃗te

E (5.8a)

Y⃗ te
E = Ate

EM(thr )⃗b
te
E + E⃗te

E , X⃗ te
E = M(thr )⃗b

te
E (5.8b)

Y⃗ te
E = Cte

E b⃗te
E + E⃗te

E , Cte
E = Ate

EM(thr) (5.8c)

where all symbols mean the same as in step-1, with subscript E implying E region. M(thr)

is an orthogonal matrix formulated using a subset of EOFs(thr) representing 98% of the
variation in Ens(thr), and thr is the time interval that includes te. b⃗te

E are coefficients to be
determined that define different optimal combinations of radial EOFs at each horizontal grid
point.

To adequately solve Equation (5.8), the SVD method was selected because of its numer-
ically stable properties (Fan and Ma, 2014). The major disadvantage of SVD is the high
computation cost; however, because the problem is transformed into EOF space, and the
reconstructions are limited to the E region, the dimensionality of the problem is significantly
reduced to a desktop CPU manageable setting. The details of solving matrix equations using
SVD were described in Equations (3.6)–(3.8) in Section 3.2. Therefore, If matrix Cte

E is of
dimension p by q, through SVD decomposition I can obtain:

Cte
E = UDVT (5.9)

From Equation (5.8), the final solution can be obtained as

X⃗ te
E ≈ M(thr)VrD−1

r UT
r Y⃗ te

E (5.10)

5.2.2 Validation

The 3-D region to be analyzed covered 24◦N–46◦N in latitude, 122◦E–146◦E in longitude,
80 to 1000 km in altitude. In step-1 (step-2), the total number of voxels were 24288



92 3-D Tomography for Ionospheric Irregularities

(330000), with the resolution set to 1◦ (0.4◦) in horizontal and 20 km (1 km) in altitude. To
avoid reconstructions of highly irregular plasma fluctuations due to geomagnetic storms,
particularly in the F region, analysis data were filtered to only include days when the absolute
values of the Dst index were less than 30 nT (Ma et al., 2014). Under such smooth conditions,
during daytime at midlatitudes, a well-developed and highly conducting E region limits
polarization electric fields that could facilitate the E-F coupling (Kelley, 2009). Therefore, to
avoid sharp transitions, from a high resolution (1 km) E region to a coarse (20 km) F region,
I assumed that E and F regions are separable under different implicit periods of stationarity;
15 min and 1.5 min in step-1 and step-2, respectively. This setup reduced the size of the
inverse problems to a Desktop manageable setting with 8 gigabytes of memory. Indeed, the
reducing size of systems improved the condition number/stability and the convergence of the
iterative procedure to within 7 minutes.

Validation in step 1

Before reconstructions with observational data, I performed a simulation to analyze chal-
lenges in reproducing a consistent picture of the F region if enhanced prolate density-like
structures existed in the E region. Similar to the results obtained in Ssessanga (2018), the
reconstructions were modest, but when a large percentage of the utilized rays traversed the
prolate structures, the MART algorithm subtly reconstructed the E-region features in the
F-region. Kunitsyn and Tereshchenko (2003) also detected this under-performance by MART.
The authors found that if features are in a region of low density (E-region), MART tended
to reconstruct them toward areas of high concentration, around hmF2 point. Therefore, to
mitigate the F-region contamination, data (⃗Y ) in Equations (5.3)–(5.4) were filtered to remove
rays that traversed sizable Es structures: the rate of TEC index (ROTI<0.1) (Mungufeni
et al., 2021), defined as the standard deviation of the change rate of TEC, was used in filtering
process (Pi et al., 1997):

ROT =
STEC(i)−STEC(i−1)

T(i)−T(i−1)
(5.11a)

ROTI =
√

< ROT2 >−< ROT >2 (5.11b)

where T and i represent time (unit of minute) and ith epoch, respectively; < ·> denotes the
expectation within a certain time interval (usually 5 minutes).

Figure 5.3a illustrates an example of synchronous changes in GNSS STEC and ROTI on
21 May, 2010 (DOY 141). Fortunately, during this event, the satellite (Sat) in view, GPS PRN
29, crossed the Kokubunji ionosonde station location, a yellow triangle in Figure 5.3b. The
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solid black line is Sat 29 ground trace, and the black dot represents the ionospheric pierce
point (IPP) at 17:15 JST. The synchronous pulse-like changes in STEC and ROTI in Figure
5.3a, are observed to occur at the same epoch, 17:15 JST, when a clear Es layer at altitude
∼106 km is recorded in ionosonde observations in Figure 5.3c. Therefore, changes in ROTI
can be a filter or detection for plasma inhomogeneities. Finally, to reduce computational cost
and avoid redundancy as in Saito et al. (2017), only data from 280 stations were selected for
calculation in step-1.

Fig. 5.3 Observations from GNSS and ionosonde near Kokubunji area, where the Es signature
happens around 17:15 JST, 21 May, 2010 (DOY 141). (a) Time series of STEC anomalies
(gray) and ROTI (black). (b) Trajectories of IPPs at 106 km from station 0992 to Satellite
(Sat) 29 passing through the Kokubunji ionosonde (yellow triangle), where the black square
and dot represent the location of 0992 receiver and IPP at 17:15 JST, respectively. (c) The
17:15 JST ionogram at Kokubunji, where the highest foEs observed is ∼20 MHz.

In Figure 5.4, a control dataset from more than 100 GEONET receivers is used to
assess the accuracy of the reconstructed results. The subplots represent IRI model (a),
initial guess using EOFs (b) and MART solution (c), respectively. The three sets of results
show improvement in each step (a-c), hence satisfying the requirement for MART quick
convergence and good fidelity as discussed in subsection 5.2.1. To evaluate the effectiveness
and reliability, metrics of mean absolute error (MAE) and root mean square error (RMSE)
are introduced to specify the degree of dispersion of the sampling error (Xiong et al., 2021),
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which are computed as follows:

MAE =
1
N

N

∑
i=1

|yr − yo| (5.12)

RMSE =

√
1
N

N

∑
i=1

(yr − yo)2 (5.13)

where N is the amount of the reconstructed values, yr and yo are the reconstructed and
observation values, respectively. The unit of MAE and RMSE is TECU.

Fig. 5.4 A Scatter of observation and estimates of STEC values during 17:22–17:37 JST, on
21 May, 2010 (DOY 141). Subplots (a–c) represent IRI-2016, initial guess using EOFs and
MART, respectively. The least-squares regression lines are in blue, with horizontal as x and
vertical y. MART results fit the observations best.

Obvious discrepancy between reconstruction and observation can be observed when
the ionosphere is generated by IRI model, where the MAE and RMSE are 2.65 and 2.89
TECU, respectively. After introducing EOFs, the MAE and RMSE decrease to 1.88 and 2.20
TECU. The fitted line gradient improves from 0.49 to 0.78; the higher correlation between
reconstruction and observation suggests a confident initial guess was estimated from GNSS
observations with EOFs. By applying MART, results converged to minimize the errors, where
the MAE and RMSE are 0.93 and 1.25 TECU , respectively. The gradient of the fitted line
has been improved to 0.95, which suggests the reconstructed STEC are in good agreement
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with the observed STEC. This good consistency indicates the ionosphere is reconstructed
with fidelity.

Fig. 5.5 (a) Black solid lines are traces of COSMIC occultation tangent points, black stars
are locations of maximum electron density along each trace, and gray dots represent the
distribution of ionospheric pierce point (IPP) at 17:10 JST on 21 May, 2010 (DOY 141),
at 350 km altitude. (b–d) Comparison of COSMIC constellation vertical electron density
profiles (green) with IRI model (purple) and tomography (yellow).

In Figure 5.5, COSMIC constellation electron density vertical profiles are compared
to the IRI model and reconstructed results (obtained as a solution to Equation (5.2), while
using MART and a calibrated initial guess). Although RO data distribution is globally good,
events that locally consistently cover a particular region are difficult to find. Thus, after an
exhaustive data search, the presented three RO events fit our analysis best. The comparison
is along the geographic locations of the occultation tangent points, shown as solid black lines
labeled i, ii, and iii, in Figure 5.5a. Black stars are geographic locations of the maximum
electron density along each profile trace. During analysis, the reconstructed ionosphere was
assumed stationary for 15 min, with the center point as the epoch to the maximum electron
density points. Gray dots show an example of the distribution of GNSS rays IPPs at the 350
km altitude (epoch is 17:10 JST, 21 May, 2010 (DOY 141)). Figures 5.5(b–d) are density
profiles corresponding to each trace in Figure 5.5a. The vertical scale limited is to altitudes
180–800 km, where occultation profiles have good accuracy. Compared to the IRI model, the
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reconstructed profiles (mainly hmF2 and NmF2) correlate better with the occultation densities,
specifically over central Japan with the densest IPP distribution(refer to trace (iii) and Figure
5.5(d)). Outside central Japan, see traces (i) and (ii) and the respective corresponding profiles
in Figures 5.5b and 5.5c, deviations between COSMIC and reconstruction maximum electron
density are more pronounced consequent to the sparse IPP distribution. Nonetheless, the
reconstructions were on average ∼30% more accurate than IRI electron density estimation.

Validation in step 2

Analogous to step-1, I carried out a simulation analysis to assess the validity of our re-
constructions in the E region. Kokubunji ionosonde observation at 17:30 JST on 21 May,
2010 (DOY 141) were used as a reference in the Es simulation, with Equation (5.5) as the
model function. Outside the Es domain, electron densities were computed from the IRI-2016
model. The intensity of Es patchy layers was set to 5×1012 el/m3 (foEs≈20 MHz), at altitude
106 km, with the longest strip stretching ∼8◦ in East-West (E-W) and 0.4◦ in North-South
(N-S). Figure 5.7a shows the simulated Es strips. Note that the strips are intentionally put
at different latitudes to assess the fidelity across the map. The synthetic STEC for analysis
were then generated as an integral of electron densities along the ray paths determined from
the observation geometry of GNSS satellites and more than 1200 receiver stations from the
GEONET. Black dots in Figure 5.7b show the distribution of the GNSS rays IPPs at the Es
height of 106 km, corresponding to the synthetic STEC data points.

Before discussing the 3-D simulation results, I use this simulation and revisit the dis-
cussion in subsection 5.2.1 to elaborate on the significance of scaling EOFs, as illustrated
in Figure 5.6. Although the 98% representation of the original ensemble was constituted
by 10 EOFs, for clarity, I have presented only the first three EOFs representing 43.42%,
21.72%, and 12.21% of the ensemble variations. Subplots (a–c) show the modification in
the amplitude of EOFs as SF is varied. In the lower plate: the far left subplot (d) illustrates
different scale size decay rates (using different SFs) as a function of position (“importance”)
of an EOF vector in the selected EOF subset. Still, in the lower plate, the three subplots (e–g)
showcase an example of the input (dashed gray line) and reconstructed (solid black line) Es
layer with largest amplitude using different SFs. Before any scaling (SF=0), the reconstructed
profile has multiple peaks artefact. As the SF increasingly varied, the artefact disappears and
then slowly reappears when the SF>5; most probably due to the combined EOFs vectors
nearly representing the same space as EOFs at SF=0. For this analysis, SF=2 was considered
the best option: the artefacts are no more, and the profile thickness and height are in good
agreement with the input, although I had to trade off some accuracy of the underperformance
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Fig. 5.6 (a–c): The largest three EOFs modified using different scale factors (SFs) at 17:30
JST on 21 May, 2010 (DOY 141). (d) The decay rate of EOF scale size as function EOF
position in the EOF subset. (e–g): Reconstructions of the simulated Es structures with largest
amplitude, while considering different SFs.

in amplitude estimation. Subsequent to this analysis, all Es reconstructions henceforth are
obtained with a scaling of SF=2.

Back to the 3-D simulation reconstructions in Figure 5.7, the minimum boundary condi-
tions and GNSS-receiver geometry constraints limit observations at areas such as Hokkaido
(>40◦N ) and Kyushu (<32◦N). Indeed, the strip structures at ∼32◦N and ∼40◦N are recon-
structed with shorter lengths. As expected, the area bound 33◦N–40◦N and 131◦E–141◦E
with dense IPPs distribution exhibits the best fidelity. The structures with a separation of ∼1◦

in N-S are distinctively reconstructed. In the radial dimension, the reconstructed electron
densities, shown in subplot (d), are well distributed between 100–110 km, and the peak is
consistent with the input hmEs of ∼106 km.

5.2.3 Reconstruction Results

In what follows, I shall now use the developed technique to analyze the morphology of Es
during different events in 2007, 2010, and 2020. The same event on 21 May, 2010 (DOY
141) was studied by Maeda and Heki (2014), thus our reconstructions can further be validate
by comparing their results. The focus is on the region of high fidelity as elaborated in the
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Fig. 5.7 (a) 2-D map of input irregularities at 106 km; (b) Distribution of IPPs at 17:30 JST
on 21 May, 2010 (DOY 141), at 106 km; (c) 2-D map of the reconstruction at 106 km; (d)
Vertical structure of reconstructed electron densities at ∼35◦N. The best reconstruction is
around central Japan.

simulation analysis. To ensure that our reconstructions were mainly due to Es variations
and reduce the computation cost, the data utilized for E-region reconstruction hereafter were
filtered to only include STECs with ROTI≥0.1; refer to Figure 5.3.

Event on 21 May, 2010 (DOY 141)

The 2-D ROTI maps at 100-km altitude for event on 21 May, 2010 (DOY 141) is shown in
Figure 5.8. An distinct E-W aligned frontal structure was observed propagating southwest-
ward.

As a measure of accuracy, in Figure 5.9, I have reconstructed the Es structures detected
by the Kokubunji ionosonde on 21 May, 2010 (DOY 141). The upper left subplot (a) shows
a horizontal 2-D slice at altitude 106 km, epoch 17:30 JST when Es was intense in horizontal
scale. The yellow triangle represents the location of Kokubunji ionosonde. The horizontal
frontal structure is elongated in E-W, expanding over several hundred kilometers, which
agrees with the results in Maeda and Heki (2014). The right upper plot (b) is a vertical
slice through the Es structure at 36◦N, which indicates the electron density anomalies are
concentrated at around 106 km altitude, and do not appear in other layers that are outside the
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Fig. 5.8 The 2-D ROTI maps at 100 km altitude, during 16:30–17:54 JST, on 21 May, 2010
(DOY 141).

Es height range. In the lower subplot (c), reconstructed E region vertical electron density pro-
files with maximum Es intensity at the Kokubunji area (35.2◦N–36.4◦N, 138.8◦E–140.0◦E)
are combined at a resolution of 3 minutes to form a time series image covering 16:30 to
18:00 JST. Yellow triangles indicate the Kokubunji ionosonde hmEs, ought to have remained
constant for the entire duration, at ∼106 km, as reflected by the white dashed line from re-
construction results. An intensified Es is eminent through this period. Based on the equation
foEs =

√
80.6∗NmEs (Haldoupis, 2019), at around 17:15 JST, the reconstructed foEs (14.29

MHz) is about 6 MHz smaller than ionosonde observations (∼20 MHz) as shown in Figure
5.3c. This was expected given the results in the simulation analysis (see SF=2 lower-middle
subplot in Figure 5.6). Nonetheless, the reconstructions are still sufficient to draw significant
physical underpinnings about Es.

Figures 5.10 shows 2-D horizontal electron density distribution maps obtained by 3-D
tomography during 16:30–18:00 JST, on 21 May, 2010 (DOY 141). The slices are at altitudes
of maximum Es within the grid. The time resolution for the two middle rows is higher to
showcase the Es horizontal evolution. White and gray arrows show the drift and expansion
directions of the Es structure, respectively. In the horizontal dimension, the reconstructed
Es layers in Figure 5.10 agree well with the Es in ROTI maps in Figure 5.8. Es patches
start appearing at ∼17:00 JST, and the frontal structure becomes obvious at ∼17:20 JST in
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Fig. 5.9 (a) 2-D tomography results at 106 km at 17:30 JST on 21 May, 2010 (DOY 141),
yellow triangle represents the location of Kokubunji ionosonde. (b) The vertical slice through
the reconstructed structure of reconstruction, at 36◦N. (c) Time variation of the vertical
structure at Kokubunji area. Yellow triangles and the white dashed line represent the hmEs
from Kokubunji ionosonde and reconstructions, respectively.

central Japan (∼35◦N), with a distinct alignment in E-W. At around 17:24 JST, on the south
side of the main structure, a northwest-southeast (NW-SE) aligned sub-structure starts to
accumulate. The different alignment direction and morphology may be related to the internal
perturbations, where the velocity and density of each patch are not homogeneous. Of course,
the accuracy of STEC and spatial resolution in this analysis are not sufficient to resolve such
density inhomogeneity. However, Sun et al. (2020) have analyzed the high Doppler spectral
width of the radar echoes in Es, which indicated severe perturbation inside the layer. The
band-like main structure reach maximum in scale at ∼17:30 JST, which can be extended to
∼400 km in E-W. Es structures start to dissipate after around 17:42 JST, the lifetime of this
strong Es with foEs exceeding 20 MHz can reach approximately 30 minutes, I calculated the
approximate speed of the Es peak every 20 min and found the Es patches on the east side to
have an eastward velocity of ∼60 m/s, which corroborates the 2-D TEC map analyses of the
same event by Maeda and Heki (2014). During this period, the frontal Es structure has an
obvious southwestward migration, with a mean speed of ∼75 m/s.



5.2 3-D Tomography for Daytime Sporadic E 101

Fig. 5.10 Snapshots of electron density anomaly maps at the height of maximum Es, at
various time epochs from 16:30 to 18:00 JST on 21 May, 2010 (DOY 141). White and gray
arrows indicate the Es drift and expansion direction, respectively. In the two middle rows,
when Es was profound, the time resolution is increased to 3 minutes to adequately capture
the time evolution of plasma.

Event on 14 May, 2020 (DOY 135)

The 2-D ROTI maps at 100-km altitude for event on 14 May, 2020 (DOY 135) is shown
in Figure 5.11. Two parallel NE-SW aligned frontal structure were observed propagating
southwestward.

The reconstructed horizontal electron density distribution maps of daytime Es event from
tomography during 16:30–18:00 JST, on 14 May, 2020 (DOY 135) are shown in Figure
5.12. The reconstructed Es layers in the horizontal dimension in Figure 5.12 have a good
consistency with the Es in ROTI maps in Figure 5.11. Different from the event in Figure 5.10,
Es patches appear enhanced near 39◦N just after 16:30 JST, elongated in weak northeast-
southwest (NE-SW), and more intense. At 16:45 JST, a frontal structure aligned in E-W and
stretching ∼150 km is eminent. At ∼17:15 JST, two parallel frontal structures aligned in
NE-SW with a separation of ∼1◦ are formed, as confirmed by the ROTI distribution in the
upper right subplot. The white dashed lines indicate the azimuth of the Es frontal structure
alignment. Similar cases with two individual Es bands were also reported in Sun et al. (2020),
which could be generated sequentially by the continuously modulated wind shear system



102 3-D Tomography for Ionospheric Irregularities

Fig. 5.11 The 2-D ROTI maps at 100 km altitude, during 16:30–18:00 JST, on 14 May, 2020
(DOY 135).

(Sun et al., 2021). From 17:00 to 17:30 JST, these two frontal structures have the same
southwestward migration, with a mean speed of ∼70 m/s. After 17:30 JST, the Es speed
increased to ∼100 m/s, and the motion component in the west direction became increasingly
dominant. The Es peak density is located at an altitude of ∼104 km in the beginning and
then decreases to ∼102 km, which agrees with hmEs observed from Kokubunji ionosonde
(102 km) at 17:00 JST. For this event, the Es structure can be elongated roughly 600 km in
E-W direction.

Event on 31 May, 2007 (DOY 151)

The 2-D ROTI maps at 100-km altitude for event on 31 May, 2007 (DOY 151) is shown
in Figure 5.13. A weak E-W aligned frontal structure was observed propagating nearly
westward.

Figure 5.14 shows slices of 2-D horizontal Es reconstructions at Es peak altitudes
from tomography reconstruction. The yellow triangles represent the location of Kokubunji
ionosonde. Still, in the horizontal dimension, the reconstructed Es from tomography in
Figure 5.14 show good consistency with the Es layers indicated by ROTI in Figure 5.13. In
the central Japan, obvious frontal structures of Es aligned in E-W occur after sunrise from
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Fig. 5.12 Same as Figure 5.10 but for 14 May, 2020 (DOY 135). The subplot in the upper
right corner shows the ROTI distribution in the selected area (within the white dot-dashed
lines) at 17:15 JST, where the white dashed lines indicate the azimuth of the Es frontal
structure alignment.

∼07:30 to 11:00 JST. In this period, the horizontal scale of Es frontal structure can reach
400 km in E-W. At 08:00 JST, when Es structure shows high intensity, the main Es structure
is aligned E-W and spanning over hundreds of kilometers, but the fine constituents of this
patch seem to have a strong preference of alignment in the NE-SW direction. This is the first
result that clearly shows the morphology of structures that form such larger E-W structures,
and future investigation of this phenomenon is vital to infer information on the formation
and mechanisms of large Es patches.

Based on Figure 5.10, 5.12 and 5.14, also observed is the main azimuth drift in the
northwest (morning) and southwest (afternoon) directions, which are consistent with the
conclusions from observations in Maeda and Heki (2015) and simulations in Tsunoda et al.
(2004). During this event, from the upper-atmospheric wind data recorded by the MUR
(located at 34.9◦N, 136.1◦E; data accessible at http://www.rish.kyoto-u.ac.jp/mu/meteor/)
as shown in Figure 5.15, the directions of reconstructed Es and neutral winds at altitudes
∼100 km are generally consistent (e.g., westward in the zonal direction). Therefore, the

http://www.rish.kyoto-u.ac.jp/mu/meteor/
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Fig. 5.13 The 2-D ROTI maps at 100 km altitude, during 07:30–18:00 JST, 31 May, 2007
(DOY 151).

background-neutral wind could be a dominant factor in the dynamics of observed strong Es
structures.

To manifest the variation of hmEs and foEs at Kokubunji area, in Figure 5.16, vertical
electron density profiles with maximum Es intensity from reconstructions in this region were
used to generate the time-series image at a resolution of 6 min. White dashed lines show the
reconstructed Es layer variation with time. The length of the error bars is hmEs standard
deviation used in generating the ensemble from which EOFs applied to a particular time
window are computed. To vividly assess the accuracy of the height undulance reproduced in
the reconstructions, hmEs (solid yellow triangles) obtained from the Kokubunji ionosonde
station are included in the plot. At a height range ∼95–110 km, during ∼07:15–11:15 JST, a
frontal Es structure develops. The Es layer of sizable amplitude appears between 08:00–09:15
JST, which is consistent with the foEs variation observed by Kokubunji ionosonde. From
7:00 to 11:00 JST, the reconstructed Es-layer is observed to descend in altitude, which can
be attributed to the semi-diurnal and diurnal tides (Haldoupis et al., 2006; Mathews, 1998).
Hence, atmospheric tidal winds might be an influential factor in the formation and dynamics
of daytime mid-latitude sporadic E.

The merits of the newly developed technique are apparent in tracking the radial-time
variation of the Es structure, indicated as a white dashed line in Figure 5.16. Comparison
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Fig. 5.14 Snapshots of electron density anomaly maps at the height of maximum Es, at
various time epochs from 07:30 to 18:00 JST on 31 May, 2007 (DOY 151). White and gray
arrows indicate the Es drift and expansion direction, respectively. Yellow triangle indicates
location of Kokubunji ionosonde.

of the reconstructed curve and observed hmEs indicates that our technique can capture the
relative time-vertical motion of the Es layer, with a mean error of ∼4 km; The ensembles
in generating EOF subsets may not fully capture some erratic Es inhomogeneities, for
example, when hmEs approaches or exceeds 120 km at 14:00–15:00 JST. There is no
literature can be found relating to the use of ground-based GNSS data and CIT to monitor
one consistent picture of both the vertical and horizontal distribution of electron density
inhomogeneities in the E region. Therefore, to further expound on the complex subject
of Es morphology, reconstructions from the current technique can complement other Es
observational techniques that might be precise but expensive to run or limited on a spatial
and temporal scale. Additionally, the relatively fast computation speed of approximately 7
min on a desktop setting encourages the extension of the developed tomography method into
a near real-time 3-D Es now-cast application for industry that utilize trans-ionospheric radio
signals.
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Fig. 5.15 Wind observation from MUR (solid lines) and HWM14 (dashed lines) on 31 May,
2007 (DOY 151).

Fig. 5.16 The vertical electron densities at Kokubunji area on 31 May, 2007 (DOY 151).
Yellow triangles represent hmEs observed by ionosonde at Kokubunji, white dashed lines
show the reconstructed Es layer variation with time, and the length of the error bars indicate
standard deviation corresponding to the ensemble used in generating the EOFs applied for a
particular epoch.
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5.3 3-D Tomography for Nighttime E-F Coupling

The 3-D tomography for nighttime coupled ionosphere is important to the understanding
of this intricate E-F coupling process. By using GNSS measurements, Maeda and Heki
(2014) have obtained the 2-D maps of daytime Es; Ssessanga et al. (2015) and Ssessanga
et al. (2017) have reconstructed the 3-D structures of F-region MSTIDs. In Chapter 3 and
4, I extended the attempt at a more challenging E- and F-region reconstruction at nighttime
in 2-D format. In Section 5.2, I successfully reconstructed the daytime Es layer, which had
proved difficult to reproduce in earlier tempts at 3-D Es reconstructions. These promising
results motivated the attempt of the 3-D tomography for nighttime E-F coupling. Different
from the tomography method for daytime Es in Section 5.2:

1. Two different sets of time-dependent EOFs are used to constrain the E- and F-region
solutions simultaneously.

2. TEC perturbation components rather than absolute TEC values are used in this research,
since Es are thin layers and can be easily shadowed by F-region MSTIDs.

5.3.1 Algorithm

The data used in this research are as in Section 5.2, but the CIT method in this section
has several modifications. The region to be analyzed covered 28◦N–46◦N in latitude and
128◦E–146◦E in longitude. The plasma density perturbations were assumed to be caused
by Es and MSTIDs mainly occur at altitudes of 80–500 km (Haldoupis, 2012; Yang et al.,
2015). To balance high spatial resolution and heavy calculation burden, the horizontal and
vertical resolutions were set to 0.4◦ and 5 km respectively, thus the total number of voxels
were 170,100 which is manageable on a Desktop setting with 16 gigabytes of memory. The
electron density perturbations were assumed stationary for 1 minute, such that the total
number of observations during this period is about 10,000 (Saito et al., 1998a).

In CIT analysis, the small-scale irregularities, especially the thin Es layers (∼2 km
thickness (Maeda and Heki, 2014)), make the height determination in high-resolution 3-D
imaging with ground GNSS-TEC a thorny problem. In response to this, similar with Section
5.2, I again assumed the 3-D ionosphere is spanned by different EOFs (Φ), derived from
an electron density ensemble based on ionosonde observations. To constrain the solutions
in both E and F regions, two sets of EOFs (Φe and Φ f ) were generated separately. For a
specific epoch (te) in one day, Φ(thr) (the collection of Φe(thr) and Φ f (thr) was generated
from an ensemble (Ens(thr)) sampled at a time window (thr) of 3 hours and spanning 90 days
centered on a required epoch (te) and day. Since Kokubunji ionosonde is located within the
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region of most GNSS data points and TECPs rather than absolute TECs were ingested in
this study, the amplitude parameters (foEs and foF2) used for generating reference profile
were the average values of the manually scale parameters from Kokubunji ionosonde at the
particular epoch (te) covering 90 days. In addition, from this Kokubunji ionosonde database,
we computed the standard deviation (σ ko

h ) of hmEs and hmF2 to help clearly reconstruct the
height variation of Es and MSTIDs. To avoid large errors, hmEs and hmF2 observed from
four ionosondes outside hko

i ±2σ ko
hi (i = e, f for hmEs and hmF2, hko is the height parameter

provided by Kokubunji ionosonde at te) were excluded. Similarly, observation profiles and
reference profiles were generated from the Chapman model as in Equation (5.5) (Chapman,
1931), wherein the scale heights of E and F regions were set to 1 and 10 km respectively
to mimic the thickness of Es and MSTID structures. The ensemble members (perturbed
IED profiles) were then generated according to the differences between the observation and
reference profiles. The perturbation profile becomes zero if its peak electron density is equal
to or less than the reference threshold. Therefore, the perturbed ionosphere can be assumed
to be spanned by a set of EOFs Φp, which consists of Φ

p
e and Φ

p
f .

In this calculation, the scale factor (SF) was also introduced to reproduce the exact
altitude of electron density peak as in Equation (5.7). The equation matrix is finally solved
by using SVD method in Equations (5.8)–(5.10). Since the problem has been transformed
into EOF space, the data calculation of each epoch can be reduced to about 7–8 minutes.

5.3.2 Validation

Simulations by using the real geometry of satellite-receiver ray paths at 8:00 UT, 23 June
2012 (DOY 175), was performed to evaluate the effectiveness of this algorithm. Due to the
IPP distribution as shown in Figure 5.7(b), the focus is on the region with most data points
that exhibits highest fidelity (bounded with pink lines Figure 5.17(a–b)). The 2-D maps of
input irregularities are presented in Figure 5.17(a–c): I set the irregularities at around 100 km
and 300 km in E and F regions respectively, according to the observations from Kokubunji
ionosonde; similar to the typical wavelengths of Es and MSTIDs, the horizontal scales of
input irregularities in E and F regions were set to about 150 km and 450 km, respectively;
the simulated perturbation profiles were generated from the Chapman model, with integrals
of -1–1 TECU in E region and -2–2 TECU in F region, which is the typical amplitude range
of medium-intensity Es and MSTID events at nighttime. However, due to the 5-km vertical
resolution and insufficient number of EOFs, the maximum input amplitude will be smaller
than expected. This is the point that needs to be further improved in the future research. At
this specific epoch, about 11,000 real signal rays obtained from GNSS observations were
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used, from which the integrals of perturbations along the ray paths were then calculated to
generate the simulated slant TECPs.

Fig. 5.17 (a–b) 2-D maps of input irregularities. (c) Vertical structure of reconstructed
electron densities at 35◦N. (d–f) Two sets of EOFs modified using different scale factors
(SFs) at 6:00 UT, 23 June 2012 (DOY 175). (g–i) Reconstructed electron density perturbation
profiles at (35◦N, 134◦E) with different SFs.

Based on the ionosonde network observations, two sets of EOFs (5 and 4 for E and F
regions, respectively) were generated to constrain the E- and F-region solutions, which repre-
sent 98% of the original ensemble. In this simulation case, I also analyzed the importance
of introducing scaling EOFs. In Figure 5.17, subplots (d–f) show the modification in the
amplitude of EOFs as SF is varied (Φp

e : EOF 1–5; Φ
p
f : EOF 6–9). In the lower plate, an

example of the reconstructed vertical profile using scaled EOFs at (35◦N, 134◦E) is presented,
wherein the input irregularities at (35◦N, 134◦E) are -1 and -1.6 TECU in E and F regions,
respectively. Similar to the conclusions in Figure 5.6, multiple peak artifacts occur before
any scaling (SF=0). In this paper, I set SF=1: the artifact disappears, the input and output
results are close to each other. The reconstructed maximum densities in E and F regions are
−7.36×1011el/m3 and −4.82×1011el/m3, which are 67% and 84% of the input maximum
densities, respectively. The integrals of reconstructed perturbations are 0.56 and 1.56 TECU
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for E and F regions, respectively. Despite some loss in the reconstruction, especially in the E
region, the underestimation of amplitude does not affect our later analysis of the physical
underpinnings.

Fig. 5.18 3-D reconstructed results of input irregularities only in E region (a), only in F region
(b), and in both E and F regions (c), and the corresponding residual distributions (d–f).

In addition, simulations of three cases were performed to further validate the algorithm:
(1) Input irregularities only in E region; (2) Input irregularities only in F region; (3) Input
irregularities in both E and F regions. The amplitudes and locations of input irregularities
were the same as those in Figure 5.17(a–c). Subplots (a–c) in Figure 5.18 show the slices
of two layers (at around 100 and 300 km) with the highest electron density in the E and
F regions for the three cases, respectively. The 3-D reconstructed results indicate that the
irregularities of different shapes and heights can be well reconstructed in both horizontal
position and height in the region with densely distributed GNSS observations. A control
data set from about 100 GEONET stations is used to specify the reconstruction precision.
The residual distributions corresponding to different cases are shown in subplots (d–f). For
case 1–3, the mean (µ) values are close to zero, and the standard deviation (σ ) are 0.04, 0.17
and 0.17 TECU, respectively. In subplots (d–f), about 92%, 79%, and 77% of the residuals
lie within the first bin (the width of each bin is about 0.03 TECU), about 92%, 89%, and
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88% of the residuals lie within µ ±σ . These results suggest a high correlation between input
and output values. Compared to subplot (d), the standard deviation (σ ) in subplots (e–f)
is significantly larger, indicating that the F-region irregularity has a greater impact on the
reconstruction results due to the larger input amplitude and scale.

Fig. 5.19 2-D maps of output irregularities at different ratios of E to F region input structure
amplitudes (IE/IF). The far-right subplots (c, f, i) are the vertical structures of reconstructed
electron density anomalies at 35◦N.

Because the nighttime F-region MSTID structures dominate in terms of amplitude and
horizontal scale compared to Es layers, a simulation was performed to analyze the algorithm
performance in the E region under different ratios of E to F region input structure amplitudes
(IE/IF). Similarly, the locations of input irregularities were the same as those in Figure
5.17(a–c). The input amplitude in the E region was unchanged, while the input amplitude
in the F region varies with IE/IF. Figure 5.19 shows the reconstruction results for different
F-region input structure amplitudes. The vertical structures of reconstructed electron density
anomalies at 35◦N in subplots (c, f, i) indicate the peak electron density heights are well
reconstructed in the radial dimension and consistent with the input shown in Figure 5.17(c).
From Figure 5.19, the irregularity structures in the F region may impose large noise on the
E-region reconstruction results when the F-region irregularities are intense in amplitude
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(IE/IF>3). Under such circumstances, the E-region irregularities, especially those located
below strong F-region irregularities, could be affected by large noise.

5.3.3 Reconstruction Results

The simulations in Section 5.3.2 have proven the effectiveness and evaluated the performance
of this CIT algorithm. In this section, I applied this algorithm for analyzing the morphology
and dynamics of E- and F-region irregularities during the E-F coupling by using the real
observations. Same as Chapters 3 and 4, TECPs were obtained after deducting a 30-min data
running average. According to the simulation results, small noise in TECPs can cause large
errors in the horizontal and vertical reconstruction, especially in the E region. To minimize
the noise in TECP obtainment, similar with the process in Section 5.2, the rate of TEC index
(ROTI) is introduced. Here the threshold for an ionospheric irregularity to have occurred
was set as 0.1 TECU/min, and the observed TECP values were set to zero if ROTI<0.1.
Similar with earlier analysis in Chapter 4, events were selected under the condition K<4
and |Dst|<30 to mitigate ionospheric disturbances caused by other factors (e.g., geomagnetic
storms). Since MSTID activity and occurrence rate peak in the nighttime summer (Otsuka
et al., 2021), three events at this time period were selected: 23 June 2012 (DOY 175), 11
June 2007 (DOY 162), and 22 June 2020 (DOY 174). These three event days all exhibit
nighttime MSTIDs, but with different maximum amplitudes. It should be noted that the first
two events have been analyzed in Section 4.1 by the double thin-shell model, and the 3-D
reconstruction results in this section will be a further validation for the previous results and
this tomography technique.

Event on 23 June 2012 (DOY 175)

Figure 5.20(a–h) show the snapshots of electron density perturbation maps at the height
of maximum Es and MSTIDs, at different epochs from 19:30 to 23:00 JST on 23 June
2012 (DOY 175). For validation, the 2-D TECP maps obtained by using the conventional
single-thin-shell approach at corresponding epochs are also presented in subplots (i–l). The
obtainment of 2-D TECP map follows the technique used in Tsugawa et al. (2018), wherein
the height and grid were set to 300 km and 0.15◦, respectively. In Figure 5.20, black triangles
in subplots (a, e, i) represent the location of Kokubunji ionosonde. Black dashed lines in
subplots (b–d, f–h, j–l) indicate the alignment azimuth of the apparent frontal structures,
and gray arrows in subplots (j, k) indicate the drift direction (read by eye). Black dots in
subplots (b–d, f–h) denote arbitrarily chosen points along the wavefront in the E region
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and the corresponding points in the F region following geomagnetic equal potential lines
estimated from the IGRF model.

Fig. 5.20 Snapshots of electron density perturbation maps at the height of maximum Es
(a–d) and MSTIDs (e–h), at different epochs from 19:30 to 23:00 JST on 23 June 2012
(DOY 175). The bottom subplots (i–l) show the 2-D TECP maps obtained by the single-
thin-shell approach at corresponding epochs. Black triangles represent the location of
Kokubunji ionosonde, black dashed lines indicate the alignment azimuth of the apparent
frontal structures, gray arrows indicate the drift direction, black dots denote the locations at
different heights connected by the geomagnetic field line.

From ∼19:30 JST, the irregularities in different regions develop with a small amplitude.
At around 20:15 JST, the amplitude of E-region irregularities reaches the maximum and
is larger than that of F-region irregularities. From 20:15 JST to 22:00 JST, the amplitude
of E-region irregularities decreases slightly, while the amplitude and horizontal scale of
MSTIDs is enhanced greatly. At 22:00 JST, the two frontal structures separating ∼200
km are observed in the F region. The major difference occurs at 22:00 JST in the right
frontal structure in subplot (c), when the maximum amplitude of the MSTIDs is more than
three times that of the Es layers, which makes it difficult to determine the corresponding
irregularities in the E region. This situation has also been observed in the simulation of Figure
5.19. Based on the reconstruction results, the Es and MSTIDs share a similar wavefront with
an NW-SE alignment and a common southwestward phase velocity of ∼100 m/s. Consistent
with electrodynamic theory in E-F coupling, the density enhancements/depletions at different
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regions are connected with the same magnetic field lines. The common alignment and
propagation parameters suggest the E and F regions are strongly coupled. The average
horizontal scales of E- and F-region irregularities are ∼150 and ∼400 km, respectively,
which are sufficient to allow the polarized electric field to be effectively mapped along the
magnetic field lines, thus triggering the E-F coupling process theoretically (Cosgrove, 2013).
The morphological and dynamic characteristics of MSTIDs obtained above agree with the
results of statistics analysis in Otsuka et al. (2011). Generally, the 3-D reconstruction results
(position, alignment, and horizontal wavelength of the F-region MSTIDs) are consistent
with the 2-D reconstruction by using the single-thin-shell model (Figure 5.20(i–l)) and
double-thin-shell model (Figure 4.1), indicating a high fidelity of this technique.

Fig. 5.21 (a–c) Ionograms provided by Kokubunji ionosonde. (d) Time variation of the
vertical perturbation profiles over Kokubunji area on the night of 23 June 2012 (DOY 175).
Gray triangles represent hmEs from Kokubunji ionosonde. Gray dashed lines in E and F
regions denote the reconstructed hmEs and hmF2, respectively. (e–j) 2-D TEC maps over
Japan during 19:00–19:50 JST.

Here, I use the Kokubunji ionosonde for validation since it locates within the region of
most GNSS data points in Japan. Figure 5.21(a–c) shows the Kokubunji ionograms at 19:00,
20:15, and 22:15 JST, on 23 June 2012 (DOY 175). Subplot (d) shows the vertical electron
density perturbations over Kokubunji area (a 1.2◦×1.2◦ grid) with a temporal resolution
of 5 min from 19:00 JST to 4:00 JST. Gray triangles represent hmEs from Kokubunji
ionosonde. The determination of hmF2 in ionosonde observations is hindered since the
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F-region trace was blanketed by the Es layers. Gray dashed lines in E and F regions denote
the reconstructed hmEs and hmF2, respectively. From the reconstruction results with ground-
based GNSS-TEC measurements, over the Kokubunji area, the Es layer starts to appear at
around 19:30 JST. However, according to the ionograms at 19:00 JST in subplot (a), Es
patches have formed earlier but are not detected by GNSS-TEC. Understandably, E-region
irregularities are not always associated with amplitude scintillation of GNSS signals because
of the amplitudes, scales, and thin thickness of Es layers, elevation angles of ray paths, and
frequency of radio signals (Sun et al., 2020). Additionally, from 19:00 to 23:00 JST as in
subplots (a–c), the presence of blanketing E indicates a weak structuring of Es layer so that
radio waves cannot penetrate to higher heights (Maruyama et al., 2006). I consider this
phenomenon could be associated with the MSTIDs seeded by AGWs before sunset. As
shown in subplots (e–j), the 2-D TEC maps successfully captured the MSTID structures,
which is shown as E-W alignment before ∼19:00 JST and changed to NW-SE alignment
after this time. Under such conditions, due to the pre-existing polarization electric fields in
the F region, the role played by E-region polarization electric field may be less pronounced
in seeding and amplifying the Perkins instability, thus leading to a Es layer with smaller
amplitude and spatial inhomogeneity. In fact, the existence of polarization electric fields
within AGW-seeded MSTIDs has been verified by the MMF observations in Figure 4.18(c–f)
at lower latitudes.

After 1:00 JST, the F-region irregularities intensify again but with a lower maximum
intensity than the previous day. This has also been observed in Figure 4.3. According to
the F-region reconstruction in Figure 5.21(d), the anti-correlation between F2 peak layer
and MSTID intensity was observed. The variation of F2 peak layer is about 40–50 km
during 19:00–23:00 JST when MSTIDs are strong, and about 5–25 km during 1:00–3:00
JST when MSTIDs become less intense. The F2 peak altitude becomes lower (higher) when
perturbations are large (small) at 20:00–21:00 JST, 22:00–23:00 JST, and 2:00–3:00 JST
(21:00–22:00 JST and 1:00–2:00 JST). From Figure 5.21(d), the radial-time variation of both
Es and MSTIDs are successfully tracked, wherein the deviations between the reconstruction
and observation are about 8 km in E region, and the deviation is larger when the electron
density perturbation is not significant. In the early phase of E-F coupling process, a small
increase of hmEs (∼5 km) was also observed at around 20:00 and 0:00 JST. The time
variation of Es layer altitude is not obvious during the E-F coupling process, which may be
due to the low resolution in the vertical dimension (5 km).



116 3-D Tomography for Ionospheric Irregularities

Event on 11 June 2007 (DOY 162)

In Figure 4.6, the 2-D reconstruction results were validated by using MUR data, which can
also be used to further validate our 3-D algorithm and results. Figure 5.22 shows the slices
of reconstruction results, at different epochs from 19:30 to 22:30 JST on 11 June 2007 (DOY
162). In subplot (a), red square denotes the location of MUR, black squares at different
heights (100 and 300 km) represent radar observations regions where the transmission beam
was pointed to the north (azimuth: 17.15◦ and 17.67◦, about the geographic north, zenith:
53.25◦ and 59.01◦ in E and F regions, respectively). Gray dash lines denote the geomagnetic
field lines estimated from IGRF model. The MSTID structures on 11 June 2007 (DOY 162)
is less intense (∼20%) than the event on 23 June 2012 (DOY 175). Consistent with the
conclusions in Section 4.1 (Figure 4.5 and 4.7), for this event, the irregularities in the E region
appear earlier than those in the F region. At around 19:30 JST in subplot (a), low-intensity
E-region irregularities appear while the F-region structures are not obvious. At around 20:30
JST in the region of highest fidelity, distinct NW-SE aligned frontal structures in E and F
regions, sharing similar propagation parameters, are connected by a geomagnetic field line.

Fig. 5.22 Slices of the reconstructed structures on 11 June 2007 (DOY 162). Red square
denotes the location of MUR, black squares at different heights represent radar observations
regions where the transmission beam was pointed to the north (azimuth: 17.15◦ and 17.67◦,
zenith: 53.25◦ and 59.01◦ in E and F regions, respectively). Gray dash lines denote the
geomagnetic field lines estimated from IGRF model.
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Radar backscatter from FAIs may exist simultaneously in the E and F regions on the
same magnetic field line, suggesting a close coupling between the E and F regions (Saito
et al., 2007). Figure 5.23(a–d) show the observations of midlatitude F-region irregularities
occurring in tandem with Es-layer irregularities over MUR during a geomagnetically quiet
period on 11 June 2007 (DOY 162). Two transmission beams (azimuth angles of 0◦ and 17◦)
were selected. AZ and ZE represent azimuth and zenith angles of the transmission beams,
respectively. Since the size of the irregularities measured by the radar backscatter (several
meters) and GNSS–TEC measurements (ten to hundred kilometers) are different, to compare
the results from radar observation and reconstruction from the general relative change in
density, here I assumed that meter-scale structures populate a wider spatial area than the
radar field of view. The variation of TECPs (TECPabs, the absolute value of electron density
integral) along the real radar transmission beams is plotted by the gray solid lines in Figure
5.23. From subplots (a, c), in the F region before ∼24:00 JST, the echo is “short-lived” but
with a stronger signal-to-noise ratio (SNR). During ∼0:00–4:00 JST, the echoes become
frequent, but the SNR and height are slightly reduced. From subplots (b, d), in the E region,
the well-defined quasi-periodic (QP) echoes, manifested as the inclined striation pattern
(Tsunoda et al., 1994), are observed from ∼19:30 to 24:00 JST. After ∼24:00 JST, continuous
echoes associated with lower altitude are observed. During this period, the TECPs caused by
Es layer could be small, since the continuous echoes are less dynamic than the QP echoes,
indicating a development of weak spatial structuring in electron density within an Es layer
(Maruyama et al., 2006). From Figure 5.23, the variation of reconstructed TECPabs in both E
and F regions is consistent with that of SNR.

Subplots (a–c) in Figure 5.24 show the ionograms at 19:00, 20:00, and 21:45 JST on
11 June 2007 (DOY 162) provided by Kokubunji ionosonde. Subplot (d) shows the time
variation of the reconstructed vertical structures over the Kokubunji area (a 1.2◦×1.2◦ grid),
with a 5-min resolution. Gray triangles and dots represent hmEs and hmF2 from Kokubunji
ionosonde, and Gray dashed lines in E and F regions denote the reconstructed hmEs and
hmF2, respectively. The positions of Kokubunji ionosonde and MUR are about 350 km apart,
which allows for a comparison of their observation results. Consistent with the conclusions
obtained by Maruyama et al. (2006), the transparent Es layers in Figure 5.24(a–b) are
observed in close connection with the QP echoes. Comparing with the event on 23 June 2012
(DOY 175) (Figure 5.21(a–b)), the transparent and spread Es trace associated with QP echoes
suggests a greater spatial inhomogeneity in sporadic E plasma in the early development stage
on 11 June 2007 (DOY 162). In Figure 5.24(d), coinciding with the intense echoes received
by MUR, the E-region irregularities over the Kokubunji area appear earlier than the MSTIDs
at ∼19:00 JST. The reconstructed maximum amplitude in the F region occurs between 21:00
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Fig. 5.23 Range-Time-Intensity plots of echo power observed by different beams in MUR on
11 June 2007 (DOY 162). AZ and ZE represent azimuth and zenith angles of the transmission
beams, respectively. Gray solid lines denote the mean variation of TECPs along the radar
beams.

and 22:00 JST, and the E-region irregularities during this period need to be determined by
analyzing both the amplitude and morphology due to the “shadow” effect from the strong
irregularities in the F region. From the ionosonde observation as shown in Figure 5.24(c), the
Es layer is highly developed and fully blanketing the F layer during this time in which the
F-region maximum amplitude occurs, which could be due to the thin thickness of Es layers
that need less time to saturate. In addition, the cessation of blanketing does not necessarily
mean it is weak, it may become more structured (Cosgrove, 2013). During the E-F coupling
process, the variation of hmEs is not obvious (<5 km) at around 21:00–22:00 JST although
the amplitude is greatly enhanced, which could be due to the limited vertical resolution.
In the F-region reconstruction, similar to the results in Figure 5.21(d), the variation of F2
peak layer in altitude is about 15–30 km during 19:00–24:00 JST, and the F2 peak altitude
becomes lower (less than 300 km) when perturbations are large during 21:00–22:00 JST. The
reconstructed hmEs (hmF2) and observed hmEs (hmF2) in Figure 5.24(d) show an average
error of ∼7 (∼20) km, indicating a high fidelity for the hmEs (hmF2) reconstruction.
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Fig. 5.24 (a–c) Ionograms provided by Kokubunji ionosonde at different epochs on 11 June
2007 (DOY 162). (d) Time variation of the vertical structure over Kokubunji area. Gray
triangles and dots represent hmEs and hmF2 from Kokubunji ionosonde, respectively. Gray
dashed lines in E and F regions denote the reconstructed hmEs and hmF2.

Event on 22 June 2020 (DOY 174)

The event on 22 June 2020 (DOY 174) is less intense than the two previously analyzed
events, but the coupled E and F regions are still observed. Figure 5.25 shows the 2-D TECP
maps obtained by the single-thin-shell approach (a–c) at 20:00, 21:00 and 21:30 JST, and the
corresponding slices of reconstructed electron densities (d–f) along the line from northeast to
southwest indicated as the black solid lines in subplots (a–c). Gray dashed lines in E and F
regions denote the reconstructed hmEs and hmF2. The black triangle represents the location
of Kokubunji ionosonde. The black arrows indicate a good correlation between the electron
density enhancements observed in the reconstruction and the 2-D TECP maps. The nearly
sinusoidal variations of the reconstructed F2 peak layer are observed. From subplots (d–f),
the F-region peak-to-peak variation in altitude is 5–25 km, which is within the range obtained
by Ssessanga et al. (2017) through the statistical analysis. Still, the vertical reconstruction
is insufficient, e.g., the peak-to-peak variation of hmF2, which could be resulted from the
limited number of EOFs.

Same as Figure 5.24, Figure 5.26(a–c) show the ionograms at 20:00, 20:45, and 21:00
JST on 22 June 2020 (DOY 174) provided by Kokubunji ionosonde. From the reconstruction
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Fig. 5.25 (a–c) 2-D TECP maps obtained by the single-thin-shell approach on 22 June 2020
(DOY 174). (d–f) Slices of reconstructed electron densities at the corresponding epochs
along the black dashed lines shown in subplots (a–c). Gray dashed lines in E and F regions
denote the reconstructed hmEs and hmF2. The black arrows indicate a good correlation
between the electron density enhancements observed in the reconstruction and the 2-D TECP
maps. The black triangle represents the location of Kokubunji ionosonde.

results, over the Kokubunji area, the Es layer appears at ∼20:15 JST, which is earlier than the
MSTIDs at ∼20:45 JST. As shown in the ionograms, a less developed Es trace is observed at
20:00 JST. The transparent and nearly spread Es trace at 20:45 JST indicates a large electron
density spatial inhomogeneity in the Es layer. After 15 min, the Es layer fully blanketing the
F region. At this moment, the F-region irregularities show a great enhancement in amplitude
according to the reconstruction results. I consider that this phenomenon is related to the
occurrence of E-F coupling: the Es layer plays a major role in seeding the perturbations
(Perkins instability) in the F region, but becomes weaker in the mid- and late-phase of the
E-F coupling process due to its thin thickness. During E-F coupling process, a small increase
of hmEs (∼5 km) is observed at around 21:00 JST. After 22:00 JST, the amplitude of Es
layer decreases, but the F-region irregularities are enhanced and the F2 peak layer extends
to higher altitude. From the reconstruction results in Figure 5.26(d), the variation of the
reconstructed hmEs (hmF2) and observed hmEs (hmF2) is consistent, wherein the average
error is ∼8 (∼20) km.
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Fig. 5.26 Same as Figure 5.24 but for 22 June 2020 (DOY 174).

5.4 Discussion

In Section 5.2 and 5.3, the 3-D structures of daytime sporadic E layers and nighttime coupled
ionosphere have been reconstructed successfully by using the tomography technique. To
facilitate CIT, TEC measurements were adopted from a dense receiver network, GEONET,
located over Japan with more than 1,200 stations. The time-dependent EOFs generated
from a Chapman model function tuned to manually-scaled observations from a network of
four ionosondes over Japan were used to vertically constrain the solution in E or both E
and F regions. For the first time, computerized ionospheric tomography with ground-based
GNSS-TEC is shown to reproduce the altitude-time variation of the ionospheric irregularities,
especially sporadic E, which had proved difficult to reproduce in earlier tempts at 3-D
ionospheric reconstructions.

The horizontal and vertical variations of daytime Es layer, e.g., in Figure 5.14 and
5.16, have further verified that the daily variation of Es layers could be mainly driven by
atmospheric tidal winds (Mathews, 1998). A more interesting phenomenon is the vertical
variation of Es layers in the nighttime coupled ionosphere. According to the reconstruction
results in Figures 5.21 and 5.26, a small increase of hmEs (≤5 km) was observed during
the E-F coupling process. Due to the limited vertical resolution, the detailed mechanism
of this small Es layers rise is still not clear. The electrodynamic factors could be the most
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possible explanation for this phenomenon, as the rise in Es-layer altitude coincides with the
appearance of coupling. From the 3-D reconstruction of the coupled ionosphere, during the
nighttime coupling process, the coexistence, similar wavefronts, and common propagation
parameters of Es layers and MSTIDs confirm a strong coupling between the ionospheric E
and F regions. On 23 June 2012 (DOY 175), from Figure 5.21(e–j), a pre-existing MSTIDs
with E-W alignment is observed, which could lead to the less pronounced role played by Es
layer in the coupling process (the presence of blanketing E as shown in Figure 5.21(a–c)),
due to the polarization electric fields within the AGW-seeded MSTIDs.

Events on 11 June 2007 (DOY 162) and 22 June 2020 (DOY 174) are slightly different
with the first event, as shown in Figures 5.24 and 5.26. The Es layers appear ∼30 min
earlier than the MSTIDs and show a great spatial inhomogeneity within the Es layer in the
early development stage (the presence of transparent and spread Es trace associated with
QP echoes). This early appearance of Es layer was also observed in the 2-D analysis of
E-F coupling in Figure 4.7, which is consistent with the simulations of the E- and F-region
response in the initial phase of E-F coupling process (Cosgrove, 2007; Yokoyama et al.,
2009). For this coupling form, the pre-existing Es layer could be forcibly modulated by
the neutral wind perturbations, which produces polarized electric field along magnetic field
lines mapping to the F region and beyond, thus causing the F-region irregularities aligned in
NW-SE (in the Northern Hemisphere) (Cosgrove, 2013). From Figures 5.24(d) and 5.26(d),
the F-layer altitudes rise (∼10 km) in the initial phase of coupling process, which can
generate a substantial polarization field and cause the evolution of the original electric field
(Cosgrove, 2013). In Figures 5.24 and 5.26, the Es layer ceases to be blanketing while the
F-region amplitude is greatly enhanced at around 21:00 JST, which might be mainly due
to the thin thickness of Es layers that needs less time to saturate, and the short growth time
required for the MSTID formation in the E-F coupling process (Yokoyama et al., 2009). In
Figure 5.25(d–f), the nearly sinusoidal variation of the F2 peak height (5–25 km) could be
mainly driven by the Perkins instability caused by passage of gravity waves, which has been
described in Equation (2.26) (Otsuka et al., 2013; Ssessanga et al., 2015).

Based on the subplot (d) in Figures 5.21, 5.24 and 5.26, the peak-to-peak variation (5–50
km) of F2 layer associated with the intensity of MSTIDs were observed. The altitude of F2
peak layer tends to become lower (higher) when the F-region perturbations are large (small).
This anti-correlation between F2 peak heights and electron density perturbations could be
related to the unstable balance between the gravitational force that lower the F layer and
the forces from winds and electric fields that raise the F layer (Kelley and Fukao, 1991). In
addition, one noteworthy exception is that during 22:00–23:00 JST on 22 June 2020 (DOY
174) in Figure 5.26(d), the Es layer amplitude is decreased while the F-region irregularities
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are enhanced. The increase of the F2 peak layer in altitude during this time period could be
associated with the incomplete development of Perkins instability (Ssessanga et al., 2017),
caused by the weakened polarization electric field from the E region. That is, based on this
inference, there might be a mutual influence of E and F regions on each other in the coupling
process.

By using this newly developed algorithm, the time-vertical motion of the Es and F2 peak
layers can be successfully tracked, with an average error of about 8 and 20 km in E and
F regions, respectively. The reconstruction results provide an alternative perspective for
observing and analyzing the E-F coupling instabilities, which can well complement other
observational techniques with higher precision but limited by spatial and temporal scales
(e.g., ionosondes, radars), thus deepening our understanding of the generation mechanisms
of ionospheric irregularities. Still, there are some improvements that need to be made for
this study, e.g., quantify the noise impact in E and F regions through simulation, increase
the vertical resolution and EOF numbers to fully capture the variation and reconstruct the
structures of ionospheric irregularities.





Chapter 6

Summary and Conclusions

This research focuses on the imaging and analysis of mid-latitude ionospheric irregularities
using ground-based GNSS-TEC measurements. Japan is the analyzed region of most interest
due to its dense GNSS receiver network (GEONET) with more than 1200 stations and a mean
distance of ∼25 km between receivers, which makes GNSS-TEC measurements over Japan
an ideal tool for analyzing small-scale perturbations in ionospheric electron density. At mid-
and low-latitudes, two primary ionospheric irregularities are frequently observed: sporadic E
(Es) in the E region and medium-scale traveling ionospheric disturbances (MSTIDs) in the
F region. These irregularities scintillate GNSS signals and affect/hinder applications using
trans-ionospheric radio waves, which makes the understanding of ionospheric irregularities
significant.

Es and MSTIDs are ionospheric irregularities of different altitudes and scale sizes. One
of the intriguing aspects of nighttime mid-latitude Es and MSTIDs is the NW-SE (NE-SW)
aligned frontal structures propagating toward the equator-westward direction in the Northern
(Southern) Hemisphere. Earlier theoretical analysis and simulation results support the theory
that electrodynamic forces, that is, the Es-layer instability in the E region and the Perkins
instability in the F region, are the probable mechanisms behind these irregularities; Es
and MSTIDs are coupled through geomagnetic field lines. In addition, the E-F coupling
process is more intricate, to the extent that MSTIDs are simultaneously observed in the
geomagnetic conjugate regions (different hemispheres) with matching crests and troughs. In
this process, the polarization electric fields generated by E- and F-region irregularities can be
mapped to opposite hemisphere along the geomagnetic field lines with a certain attenuation.
However, due to the limited observation area, resolution, and methods, comparing the
temporal relationship between the occurrence of Es and MSTIDs is difficult, and thus the
causal relationship in the E-F and interhemispheric coupling is not yet fully understood. In



126 Summary and Conclusions

response to this problem, a coherent 2-D and 3-D picture and a comprehensive analysis of the
coupled ionosphere is required to deepen our understanding of such ionospheric irregularities.

Usually, the TECs used in the ionospheric studies are obtained based on a single-thin-
shell approximation, wherein the 3-D ionosphere is represented as an infinitesimally thin
layer at a constant altitude. Although this single-thin-shell model is effective for ionospheric
studies in most cases, its exploitation in the nighttime coupling process is difficult due to
the mixture of E- and F-region electron densities. Therefore, novel methods need to be
developed to reconstruct the E- and F-region perturbations simultaneously. Heuristically,
in Chapter 3, a double-thin-shell model has been developed to parameterize the integrated
three-dimensional density perturbations. In this model, the mid-latitude nighttime plasma
instabilities are assumed to be concentrated at E (100 km) and F (300 km) layers; at each
shell, perturbation components are assumed identical at any point within a given grid block;
the TEC perturbation in E and F regions were reconstructed on horizontal grids of 0.15◦

and 0.5◦, respectively. For the first time, the morphology and dynamics of the ionosphere
perturbations in both E and F regions can be obtained simultaneously with ground-based
GNSS-TEC.

In Chapter 4, four events of nighttime MSTIDs, but with different amplitudes, were used
to investigate the E-F and interhemispheric coupling. The double-thin-shell model was used
to analyze the ionospheric responses in E and F regions over Japan during the nighttime
coupling processes. Results show that the newly developed technique can infer several
horizontal characteristics on E–F coupled instabilities; the coexistence of NW–SE aligned
irregular structures in E and F regions is evident. Both E- and F-region irregularities share
similar propagation parameters, a shred of clear evidence of strong coupling. Further, the
hemisphere-coupled ionospheres over Japan and Australia (geomagnetic conjugate regions)
are observed and analyzed using TEC measurements, supplemented with multi-source
observations from ionosondes, ICON (neutral wind), COSMIC (electron density) and Swarm
(magnetic field). The analyses in 2-D format allowed for the following contributions:

1. By using GNSS-TEC and taking a double-thin-shell approach, Es layer was observed
only in the summer hemisphere when F-region conjugate structures simultaneously
occur in both hemispheres; Es layers in the summer hemisphere appear ∼30 min
earlier than the MSTIDs in the F region, and followed by the coupled E- and F-region
irregularities, as well as the geomagnetic conjugate MSTIDs. These results support
the evidence that the F-region conjugate irregularities in both hemispheres are mainly
driven by the Es layers in the summer hemisphere during the interhemispheric coupling
process.
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2. The sporadic and blanketing E layers with small amplitudes in the winter hemisphere
were observed to show intensity reduction or even dissipation after the interhemispheric
coupling, which may be related to the variation in ionospheric conductivity caused by
the thermospheric winds in the winter hemisphere and the conjugate MSTIDs (more
importantly).

3. Thermospheric winds play an important role in the MSTID generation and development.
In addition, the MSTID intensity decreases more rapidly in the winter hemisphere,
which may be related to the decoupling from the summer hemisphere.

4. A combination of thermospheric winds and non-equipotential magnetic field lines
leads to a weaker mapping of polarization electric between conjugate hemispheres.
Hence the asymmetry in the amplitude of hemispheric conjugate MSTIDs and the
slower growth rate of MSTID structures in the winter hemisphere.

Although such results are encouraging, the missing height dimension in these 2-D
analyses may pose limitations on the information that we can infer. Therefore, a continuous
and broad 3-D structure of ionosphere is required. However, the 3-D reconstruction for
the coupled ionosphere with GNSS-TEC is difficult due to the thin thickness of Es and the
representation errors in tomography. Therefore, the reconstruction of Es layer is pivotal for
the tomography of the nighttime E-F coupling. In Section 5.2, a novel two-step CIT technique
was first developed to reconstruct the 3-D maps of daytime sporadic-E based on ground-
based GNSS observations. First, on a coarse grid of 1◦ in the horizontal, 20 km in altitude,
and a 15-min assumption of ionosphere stationarity, a more accurate F region structure is
reconstructed from a smooth background using the MART algorithm. Then, using the SVD
algorithm and a finer grid of 0.4◦ in the horizontal, 1 km in altitude, and 1.5 min in time, a
3-D E region, 80–180 km in height, is estimated from TEC residues after deducting the F
region contribution. To vertically constrain the solution, time-dependent EOFs generated
from a Chapman model function tuned are used to manually scaled Es observations from a
network of four ionosondes over Japan. Results from simulation and real observations exhibit
that the technique can reconstruct Es structure with a high degree of fidelity, specifically
during strong Es (foEs>20 MHz). Moreover, 2-D horizontal slices at the height of maximum
Es, corroborate the earlier analyses and expositions on the morphology and dynamics of
Es. That is: Es shows E-W large elongated frontal structures that can extend several
hundred kilometers; the migration is northwestward in the morning and southwestward in
the afternoon, with a velocity of 60–100 m/s; the duration of Es frontal structures can reach
tens of minutes to a few hours. For the first time, computerized ionospheric tomography with
ground-based GNSS-TEC is shown to reproduce the Es-layer altitude time variation.
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In Section 5.3, this 3-D tomography technique has been modified and applied to the
reconstruction of the nighttime coupled ionosphere. Different with the previous 3-D tomog-
raphy for daytime sporadic E, two sets of time-dependent EOFs are used to constrain the E-
and F-region solutions simultaneously; TEC perturbation components rather than absolute
TEC values are used in this research. On a grid of 0.4◦ in horizontal and 5 km in altitude,
the vertical solutions in E and F regions were constrained by using the time-dependent
EOFs from a Chapman model function based on manually scaled observations from four
ionosondes. Validation from simulation results indicates a high fidelity of this algorithm in
reconstructing the irregularities in E and F regions. Three event days of nighttime MSTIDs
with different maximum amplitudes were selected for analyzing the E- and F-region irreg-
ularity structures during the E-F coupling. Results suggest that the horizontal and vertical
structures of the coupled ionosphere can be successfully reconstructed. The coexistence,
similar wavefronts, and common propagation parameters of Es and MSTIDs confirm the
strong coupling between the ionospheric E and F regions. In the vertical dimension, a small
rise in Es layer was observed during the coupling process; the peak-to-peak variation of the
F2 layer is about 5–50 km, which is related to the intensity of MSTIDs: the F2 peak altitude
tends to become lower (higher) when the F-region perturbations are large (small). The 3-D
reconstruction results suggest that the electrodynamic forces dominate the morphology and
dynamics of Es and MSTIDs during the nighttime coupling process. By using this newly
developed algorithm, the time-vertical motion of the Es and F2 peak layers can be success-
fully tracked, with an average error of about 8 and 20 km in E and F regions, respectively.
The reconstruction results provide an alternative perspective for observing and analyzing the
E-F coupling instabilities, which can well complement other observational techniques with
higher precision but limited by spatial and temporal scales (e.g., ionosondes or radars), thus
deepening our understanding of the generation mechanisms of ionospheric irregularities.

As GNSS data sets expand in the coming years, it will be possible to perform more
detailed analyses to investigate the physical mechanisms of ionospheric irregularities. The
spatial as well as the temporal resolution will be improved by expanding the deployment
of ground-based receivers and including additional GLONASS, Galileo and Beidou signals.
In such cases, the developed double-thin-shell model could be upgraded to triple-thin-shell
model to estimate the plasmaspheric TEC perturbations, which cannot be neglected especially
during magnetic storms. As for the 3-D tomography technique for the coupled ionosphere,
the noise in both E and F regions need to be quantified; the vertical resolution (5 km)
is still not high enough (limited by computer performance), resulting in insufficient EOF
number that cannot fully captured the vertical Es and MSTID structures. Furthermore,
it is not straightforward to determine the height of maximum MSTIDs from ionosonde
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hmF2 observations. To this effect, perturbation profiles of IED generated by physics-based
functions, e.g., Chapman function, or observed by multiple instruments, e.g., ionosondes and
occultation, may contribute to the generation of ensembles for EOFs with higher vertical
resolution.

This study presented the imaging methods and analyses of ionospheric irregularities in
2-D and 3-D formats by using GNSS-TEC measurements. For the first time, results confirm
the theoretically predicted nighttime coupling processes between E-F and the hemispheres
with observational data. The coupling phenomena of the nighttime ionosphere were further
elucidated, especially regarding the generation and development of ionospheric irregularities.
Thus, this thesis is a valuable contribution to the understanding of physical mechanisms
behind ionospheric irregularities, which would help improve our skills in predicting and
mitigating ionospheric signal scintillation in the near future.
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