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Abstract

This thesis presents observations of medium to large-scale traveling ionospheric
disturbances (TIDs) originating from high latitudes, and propagating towards the
equator and TIDs originating from the equator with a poleward propagation in
the African-European sector during geomagnetically disturbed conditions between
2006 and 2022. 196 TID activities propagating over the African-European sector
were observed, of these TID activities, 161 and 33 were observed during geomag-
netic storms, and simultaneous occurrence of geomagnetic storms and solar flares,
respectively. Total electron content perturbations derived from Global Navigation
Satellite Systems (GNSS) observations within a latitude range of 40°S—-60°N and
longitude ranges of 20°-40°E representing the African-European sector were anal-
ysed based on the storm criteria of Dst < -30 nT. The GNSS total electron content
(TEC) data were used to obtain the two dimensional (2d) TEC perturbations.
The northern hemispheric part of the African sector has limited data coverage
which is visualized by a gap around 20°, where there were no data coverage can
be observed in the 2d TEC maps. An important result is that large-scale TIDs
(LSTIDs) and medium-scale TIDs (MSTIDs) were found to occur predominantly
during the main and recovery phases of geomagnetic storms respectively, at least
over the African-European sector. During the main phase of storms equatorward
LSTID activity was relatively consistent across both hemispheres, with years of
solar maximum, between 2013 and 2015, showing higher frequencies of events.
Equatorward MSTID activity appeared less frequent overall, particularly in the
southern hemisphere (SH), suggesting that equatorward LSTID activity are more
prominent during the main phase of geomagnetic storms. Poleward TID activity
were more predominant in the recovery phase than the main phase of geomagnetic
storms.
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Chapter 1: Background

1.1 General Background

The atmosphere of the Earth acts as an electrical system, primarily due to solar
radiation, and as a result, the ionosphere is formed. The ionosphere is a region of
the Earth's upper atmosphere, predominantly maintained by solar radiation, where
there is a high concentration of ions and free electrons. It is located at altitudes
ranging from 50 to 1000 km (Dieminger et al., 1996; Goodman, 2005). It serves as
a propagation medium for high frequency (HF) radio waves in communication. HF
waves are transmitted from the ground to the ionosphere, where electrons refract
and reflect them to ground-based receiver. HF waves' refractive and reflective
properties enable long-distance communication. Ionospheric refraction causes
delays in trans-ionospheric radio transmissions, including those transmitted by
GPS satellites and celestial bodies. If the ionospheric electron density remains
constant throughout time, refraction corrections can be easily applied to these
signals and GPS positioning and timing can be achieved (Rawer, 1993). However,
electron density is not uniform throughout space and time, with horizontal gradients
and temporal variations (Rawer, 1993).

These unanticipated disturbances can manifest as stationary or moving structures
(Rawer, 1993). The latter are known as traveling ionospheric disturbances (TIDs)
(Hargreaves, 1979; Rawer, 1993). TIDs are considered ionospheric manifestations
of atmospheric gravity waves (AGWs) (Hines, 1974). AGWs are the upward and
downward movement of displaced air parcels in the atmosphere as it responds to
buoyancy force (Nappo, 2002). A thorough examination of TID incidence in a
specific region is crucial for understanding their behavior. Ionospheric probing
instruments include Earth-orbiting satellites (Bhonsle et al., 1965; Bhonsle, 1966;
Habarulema et al., 2015), ionosondes (Heisler and Whitehead, 1960; Afraimovich
et al., 2008), incoherent scatter radar, SuperDARN (Thome, 1964; Karpachev et
al., 2010), etc.

In this project, radio signals from Earth orbiting satellites were used to create
maps of total electron content (TEC) over African-European sector during the
period from 2006 to 2022 for geomagnetically disturbed conditions. TEC is defined
as the integral of total electron density from a GPS receiver to an Earth-orbiting
transmitting satellite along an imaginary cylinder with a cross-sectional area of
1 m? (Hofmann-Wellenhof et al., 2001). Dst < -30 nT was used as criteria for



geomagnetic disturbance conditions. The observations of TIDs are based on Global
Navigation Satellite Systems (GNSS) data for the African-European sector.

1.2 Aims and Objectives

The aim of the study was to perform a statistical analysis of observations of TIDs
during geomagnetic storms from 2006-2022. The aim and objectives were driven
by the following:

. Do TIDs show Diurnal variation during geomagnetic storms?
. Is there seasonal dependency of TIDs during geomagnetic storms?
. Annual variation of TIDs was investigated.

1.3 Structure of the Thesis

The structure of this thesis is as follows:

. Chapter 1 provides a brief introduction to the research and explains
the objectives of the research.

. Chapter 2 discusses a background theory of the ionosphere, that is
its creation, morphology, and its behavior.

. In Chapter 3, the background theory on AGWs and TIDs are
discussed.

. Chapter 4 provides an introduction to GPS, and illustration and

formulation on how TEC data were obtained from GPS. The
techniques used to determine the characteristics of TIDs from TEC
maps are discussed.

. In Chapter 5, statistical results obtained by applying methods
described in Chapter 4 are presented and discussed.
. Chapter 6 gives the conclusion and future work of the thesis.



Chapter 2: The Ionosphere

This chapter provides an introduction to Earth’s atmosphere and geomagnetic
storms, as well as theoretical background of the ionosphere.

2.1 Earth’s Atmosphere

The Mixture of ideal gases that make up the Earth's atmosphere include molecular
nitrogen (N, 78.11%), oxygen (O, 20.95%), argon (Ar, 0.93%), neon (Ne, 18.18
x 10%%), and helium (He, 5.24 x 10%%). Zolesi et al. (2014) list water (HyO,
0-7%), carbon dioxide (CO3, 0.01-0.1%), and ozone (03, 0-00001%) as other minor
ingredients. Temperature, density, and pressure all play a role in dividing the
Earth's atmosphere into distinct layers (Rishbeth, 1969; Davies and Harré, 1990;
Moldwin, 2008; Zolesi et al., 2014). The thermosphere, exosphere, mesosphere,
troposphere, and stratosphere are these layers. By taking up the Sun's dangerous
radiation, these layers shield our world. According to temperature, Figure 2.1
depicts the layers of the Earth's atmosphere.



Figure 2.1.: Layers of the Earth’s atmosphere: troposphere, stratosphere, meso-
sphere, thermosphere and exosphere ( Hargreaves, 1992).

According to Brekke (2013), Ny and Oy are the major neutral components at
ionospheric altitudes, with O dominant above ~250 km and Ny dominating below
~250 km. He and H atoms are common in the topside ionosphere, with H atoms
dominating above ~1000 km (Kelley, 2003; Brekke, 2013). Gravitational force is
the dominant force acting on neutral particles. To achieve static equilibrium, the
gravitational force must be balanced by a net pressure force acting on a parcel of
air. Brekke (2013) describes the change in pressure p over altitude z as:

dp — —N,mpay, 2.1

where N, is the density of the molecules, m,, is their mass, and qa, is the gravitational
acceleration. Assuming the atmosphere is an ideal gas, the pressure p=N,kgT as
a function of altitude z can be obtained from Equation (2.1).

(2—20)

p=poe H 2.2

where H = kgT/mya, is the scale height, and py is the pressure at z, the reference
height. According to Brekke (2013), atmospheric neutral species often reach a
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scale height of around 8.5 km. According to equation (2.2), atmospheric pressure
decreases exponentially with altitude. Assuming an isothermal atmosphere, the
molecular density N, at a given height (z) is

(2—20)

Nn = Nn,Oe_ H 2.3

N, is the neutral density at reference height z). Moreover, the density of molecules
in the atmosphere decreases exponentially with altitude.

From the Earth's surface, the troposphere reaches up to 12 km, the stratosphere
12 to 50 km, the mesosphere 50 to 80 km, the thermosphere 80 to 700 km, and
the Exosphere extends around 10,000 km from 700 km to space (McNamara,
1991; Rishbeth, 1969; Moldwin, 2008). The Earth's ionosphere is an ionized zone
between 50 and 1000 km in altitude that is made up of electrons and ions (Rishbeth,
1969; McNamara, 1991; Hargreaves, 1992; Zolesi and Cander, 2014). Because of
its characteristics that aid in the reflection of HF radio signals, it is a naturally
occurring resource that is used for HF radio applications (Davies, 1990, Hunsucker
and Hargreaves, 2002). Extreme ultraviolet (EUV) radiation from the Sun creates
the ionosphere when photons interact with neutral atoms to release free electrons.
A range of methods and tools, such as radar systems, satellites, and ground-based
observatories, are used to study and monitor the ionosphere.

2.2 Formation of the Ionosphere

When these gases are photoionized by highly powerful solar radiation, the ionosphere
is created (Ratcliffe, 1960; McNamara, 1991). The intensity of solar radiation
reduces when it penetrates the atmosphere from high to low altitudes due to
absorption by neutral atoms and molecules. As a result, the lower atmosphere
produces less plasma. The density of air atoms and molecules, on the other hand,
increases as height drops. Because of the conflicting tendencies in radiation intensity
and atmospheric density, the highest electron generation occurs at a high altitude
(McNamara, 1991). Some electrons are lost through processes known as attachment
and recombination. Electrons are lost by attachment in the lower ionosphere as they
directly mix with neutral molecules or atoms to generate negatively charged particles
(McNamara, 1991). As solar photons penetrate further into the atmosphere, they
produce more ions. When photoionization takes place, the photon flux is weakened
until it reaches a depth where the amount of photoionization decreases.

It creates an ionization layer that peaks close to the altitude of maximum production.
The photoionization production rate can thus be stated as:

qgi = UiNj(Z)¢%6_Ta 24

where o; is the ionization cross section, N; is the number density of the ionizable
component at altitude z, ¢, is the solar flux beyond the atmosphere, and optical
depth 7 is given by
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T = ogsecsec x Ndz, 2.5

where o, is the absorption cross section and x is the solar zenith angle. The
optical depth 7 of the ionosphere measures the attenuation of solar radiation due to
absorption by free electrons. Radio communication, satellite navigation, and radar
systems all rely heavily on the ionosphere's optical depth. During solar events such
as solar flares or geomagnetic storms, greater ionization can cause higher optical

depths, resulting in signal degradation or loss, particularly at lower frequencies
(Dieminger et al., 1996b).

When electrons mix with oppositely charged molecules or atoms, they generate a
neutral gas (Dieminger et al., 1996b). When an electron (denoted by e7) combines
with a positive ion (XT), a neutral atom (X) is formed, as shown by

XT+ e = X+ 7, 2.6

Where 7 is a photon. The process is termed as radiative recombination because a
photon is produced (Prolss, 2004).

Dissociative recombination is another type of recombination that is most prevalent
in the ionosphere. It occurs in two steps; in the first, charge exchange occurs when
(X™) species collide with neutral molecular (As) species:

Xt + Ay — AXT + A, 2.7

This is known as the a-type reaction, and it happens at the rate L = [5X*], where
[ is the attachment coefficient and [X*] is the concentration of X* (Ratcliffe, 1960;
Hargreaves, 1979). The second stage of dissociative recombination happens when
the charged molecule created by the -type reaction is dissociated by an electron

(€):
AXT+e - A+ X, 2.8

The rate of this sort of reaction (a-type) is L = aNZ, where « is the dissociation
coefficient and N, is the electron density(Ratcliffe and Holzer, 1973; Hargreaves,
1979; McNamara, 1991; Dieminger et al., 1996b). According to Hargreaves, (1979),
B is greater than « in the lower ionosphere, therefore AX™" is created at a faster
rate, leaving the a-type reaction to govern electron loss rate. In contrast, « is
larger in the upper ionosphere, implying that electrons rapidly dissolve charged
molecules, leaving the [-type reaction to govern neutralization.

2.3 Regions of the Ionosphere
Even though there is intense radiation at altitudes above the F-region peak

(~ 200 - 350 km in middle latitudes), ionization is not significant since the
atmosphere is thin due to less neutral particles (Hargreaves, 1979; Kamide
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and Chain, 2007). However, the gas for ionization is rare at lower altitudes,
the EUV is weak due to energy loss from absorption at higher altitudes; thus,
ionization is low once more. The EUV is powerful enough and there are
enough species to ionise at specific altitudes, resulting in maximal ionization.
The ionosphere is divided into regions: Bottomside Ionosphere and Topside
Ionosphere. The bottomside ionosphere has four regions during the day, called
the D, E, F; and Fy regions, since at different altitudes, different atoms
dominate and absorb EUV energy at different wavelengths (McNamara, 1991).

Figure 2.2: The daytime and nighttime vertical profiles of the electron density
(Thompson et al., 2017).

2.3.1 D Region

The D region extends from 50 to 90 km above the Earth's surface. It has an
electron density of the order of 10? - 10® cm™ and a neutral atmosphere density of
the order of 10'4cm™. Metal ions such as Ca*, Fet, Na* and hydrated ions such
as H3O™ H;0", H * (H50), and others can be found in the D region. In this
region, solar X-rays or Lyman alpha ionize NO, and electron attaches to O and O,
to generate negative ions. Electrons generate negative ions during recombination,
which are eliminated by photo-detachment during the day, associative detachment
(O + O — Oy + ¢), and mutual neutralization for A is a neutral atom, O" + A*
— O + A) (Leadon et al., 1981; McNamara, 1991). Furthermore, during solar
minimum (which is linked to a decrease in sunspot numbers), when there are more
galactic cosmic ray particles entering the Earth's atmosphere, galactic cosmic rays
play a crucial role in ionizing this region. This is because galactic cosmic ray
particles are able to enter the solar system due to the weakening of the ambient
solar wind and its magnetic field (Hargreaves, 1992; Moldwin, 2008). Compared
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to other ionospheric areas, the D-region has less ionization. Significant x-ray
emissions occur during the geomagnetic storms, leading to a sharp rise in ionization
(sudden ionospheric disturbances) in this area (Moldwin, 2008). Though a residual
ionization level is created at night by galactic cosmic rays, this zone is only present
during the day. Because of the recombination process, which creates neutral atoms
by combining positively charged ions and negatively charged electrons, it nearly
vanishes at night. During the day, photoionization is at its peak, which results in
a higher electron density. Here, the atomic molecule density is substantially higher
than the electron density (Davies and Harré, 1990; Moldwin, 2008; Zolesi et al.,
2014). Solar x-rays are too tiny to constitute a significant contributor to ionization
in the D area under typical circumstances (McRae and Thomson, 2004). However,
the Sun's X-ray radiation increases dramatically during solar flares. When x-rays
with wavelengths considerably below 1 nm are transmitted to the D region's height,
the ionization rate and electron density are greatly increased (Mitra, 1974; McRae
and Thomson, 2004). Because it absorbs radio waves, which impairs long-distance
HF communication, the study and understanding of the D-region is essential to
HF radio communication (McNamara, 1991; Moldwin, 2008).

2.3.2 E Region

The E region extends from 90 to 150 km above the Earth's surface. It has an
electron density of the order of 10® - 105 cm™. The absorption of energy from EUV
radiation and solar X-rays ionizes O, Oy, and Ny in this region. O, N*, and NO*
are the dominant ions. In this region, dissociative recombination (O" + e — O
+ O) and (NOT + ¢ — N + O) occur (Leadon et al., 1981; Kelley and Heelis,
1989; McNamara, 1991; Savage and Sembach, 1996). Another source of ionization
in this region is particle precipitation, particularly at night when photoionization
is absent (Hunsucker and Hargreaves, 2002; Moldwin, 2008). Furthermore, there
exist transient causes of ionization at E-region altitudes, like complex dynamics,
which stem from the interaction between auroral electric fields, neutral atmospheric
motion, and meteorites penetrating the upper atmosphere. The latter generate
an ionized trail by burning up and influencing the surrounding neutral gas with
sufficient energy (Rishbeth, 1969; Hunsucker and Hargreaves, 2002; Moldwin, 2008;
Zolesi et al., 2014). Known as sporadic E, these sources create a short-lived, narrow
zone of extremely concentrated ionization at E-region heights (Rishbeth, 1969;
Moldwin, 2008). According to (Hargreaves, 1992; Hunsucker and Hargreaves,,2002)
the intermittent Sporadic E has a greater critical frequency than the typical E-
region. Sporadic E typically lasts from a few minutes to many hours, depends
on the latitude, and occurs at random. The high-frequency radio waves used for
long-distance communication are reflected by this extremely intense ionization

(Rishbeth, 1969; Moldwin, 2008).

2.3.3 F Region

According to Moldwin (2008), the F layer starts at 120 km and reaches its maximum
density at about 300 km. The F layer is mostly formed through EUV ionization of
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atomic oxygen. During the day, the F layer is divided into two layers: F; and Fs.
The F, layer has the maximum electron density (Davies and Harré, 1990; Hunsucker
and Hargreaves, 2002). The F; region is within an altitude of about 150 to 200 km
above the Earth's surface. It has an electron density of 10° - 10¢ ecm™. The major
species, O and Ny, are ionised by Lyman, and Ny ionization disappears after sunset.
Most of the ionization is molecular in nature and is eliminated by dissociative
recombination (Leadon et al., 1981; Kelley and Heelis, 1989; McNamara, 1991;
Savage and Sembach, 1996). The F5 region is located at about 200 km above the
Earth's surface, above the F; region. It possesses an electron density of the order
of 105—10°% cm™ and neutral atmosphere density of the order of 10® cm™. Because
the effective recombination rate falls with increasing ionospheric height, this region
contains more ions than others. By using an attachment-like recombination law for
charge transfer, molecular recombination is similar to that of the F; layer (Leadon
et al., 1981; Kelley and Heelis, 1989; McNamara, 1991; Savage and Sembach, 1996).

2.3.4 Topside ionosphere

The O% ions make up the majority of the topside ionosphere, which is located
at altitudes above the maximum height of the Fy layer, hmF, to around 1000
km (Kamide and Chian, 2007). Height-related decreases in electron density are
exponential (Kamide and Chian, 2007). Therefore, this area is unable to reflect
any radio waves that are broadcast from the earth. Therefore, it is not possible to
observe the topside with ground-based ionosondes. Since 1962, sounders on satellites
have provided data regarding topside conditions (Hargreaves, 1992; Dieminger
et al., 1996a). TEC of the topside has recently been studied by low Earth orbit
satellites, such as SWARM (Pedatella and Forbes, 2011; Buchert et al., 2015)
and Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC) (Anthes, 2011) amongst other methods.

There is no clear definition for the topside ionosphere's upper boundary. Like
other studies (such as Yoshimura et al. (2005) and Marinov et al. (2004)), it is
acknowledged to be at the Upper Transition Height (UTH), which is the altitude
at which the O" and HT ion densities are equal. According to this description,
the main ion species that contribute significantly to the topside ionosphere are
O* and HT ions. It is presumed that the minor ion is Het. Heelis et al. (1990)
reported theoretical evidence that there may occasionally be a winter nighttime
He*t bulge in this region when the Het density increases above the HT density.
Although the neutral densities of Het and H ions are strongly related, the physical
mechanisms governing their densities are different. Neutral molecules and atoms
have far lower concentrations in the topside ionosphere than they do in the lower
ionosphere. Consequently, the majority of the output and loss of Ionization takes
place in the lower ionosphere, particularly in the vicinity of the F-region (Webb
and Essex, 2000). Thus, there is a close relationship between the dynamics of the
lower ionosphere and the electron density distribution in the higher ionosphere.
The topside ionosphere's low neutral atom density allows for diffusion to occur
quickly enough for the plasma to diffuse away from the F-region ionosphere over
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a considerable vertical distance in a few hours, covering an atmospheric scale
height (roughly 50 km) (Rishbeth, 1975). Therefore, plasma transport processes,
field-aligned plasma flows, and chemical processes all affect the dynamics of the
topside ionosphere with respect to the distribution and relative amounts of the
OT and H* densities (Venkatraman and Heelis, 1999). Ionization for the topside
ionosphere can be both sourced and drained by the F-region.

2.4 Measuring the ionosphere

Early studies of the ionosphere focused on the bottomside, measuring electron
density with ground-based ionosondes. Ionosondes have contributed significantly
to our understanding of the ionosphere, particularly its bottomside. Since the
1920s, researchers have studied the geographic and temporal aspects of ionospheric
electron density (Havens et al., 1954). An ionosonde is a pulsed radar system that
sweeps frequencies from 1 to 30 MHz vertically into the ionosphere (Hunsucker and
Hargreaves, 2003). Signals are reflected off ionospheric layers. The electron density
as a function of altitude above the ionosonde can be determined by monitoring the
time it takes for signals to reflect from the ionosphere.Ground-based ionosondes
cannot explore the topside ionosphere due to HF radio wave reflections, only able
to detect the bottomside (Bilitza, 1994). Radio signals with frequencies higher than
the critical frequency of the Fy layer do not reflect within the Fs-region, resulting
in no information. Satellite-mounted ionosondes, also known as topside sounders,
revolutionized ionosphere research in the 1960s (Bilitza, 1994).

“Topside sounders measure the topside ionosphere similarly to ground-based ionoson-
des, which monitor the bottomside. Rockets and Incoherent Scatter Radars (ISR)
can be used to study the region above the Fa-layer peak. Rocket-mounted instru-
ments measure ionospheric characteristics, including ion species concentrations and
electron/ion temperatures (Bilitza, 1994). However, these metrics are limited and
only applicable to the rocket's trajectory. Rocket observations of the ionosphere
use "direct" methods, which need only local assumptions and approximations. As
a result, only localized measurements are collected, leading to limited conclusions
(Bilitza, 1994). ISR are another tool for analyzing electron density distribution
in the topside ionosphere. The technique uses a powerful pulsed radar to propa-
gate energy into the ionosphere. Some echos are caused by wave scattering from
individual electrons in the ionosphere (Bilitza, 1994). The power of the returning
signal is directly proportional to electron density. Ionosondes are pretty good for
the study of the E, Fy, and F5 regions, which span from about 90 to 500 km in
altitude. They do not work so well for the D region, 60-90 km, because radio
waves are more likely to be absorbed than reflected there (Bilitza, 1994). Here,
rockets come into play, for they can sample the D region directly and provide data
of immense value that other instruments cannot easily obtain (Bilitza, 1994). ISR
are instruments capable of measuring everything from the D region right up to
higher layers, offering detailed vertical profiles across the whole ionosphere. GNSS
satellites measure the TEC and allow for the creation of an overview on a global
scale of the ionospheric conditions, while LEO satellites add localized data, thus
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providing more detailed information in specific altitude ranges (Bilitza, 1994). The
two are instruments with their special characteristics and, therefore, complement
each other in providing an in-depth understanding of the ionosphere (Bilitza, 1994).

A topside sounder, like bottomside ionosondes, records ionogram (a picture of
reflections and resonances of swept frequencies against apparent range) traces
while the satellite travels its orbit (Bilitza, 1994). Using an inversion process, the
electron density at a certain time and location within the height range between the
satellite height and the peak of the Fs-layer may be calculated from the ionograms.
Topside ionograms are easier to invert than bottomside ionograms, which must
account for the valley region between the E- and F-layers. Topside ionograms are
inverted using the electron density at the beginning location, which is typically
obtained from on-board in-situ probe measurements” (Bilitza, 1994).
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Satelite
Name
Alouette-1
Alouette-2
ISIS-1
ISIS-2
ISS-b
IK-b
Cosmos-
1809

Operated

By
USA/Canada
USA /Canada
USA/Canada
USA/Canada
Japan
Russia

Russia

Launch
Date
Aug 1962
Nov 1965
Jan 1969
Apr 1971
Feb 1978
Feb 1979

Dec 1986

Data

available
Until

Sep 1972
Jan 1975
Dec 1981
Jan 1983
Apr 1983
Aug 1981

Orbit
Altitude
1000
500-3000
2000-3500
1400

1100
500-1000

960

Table 2.1 displays a list of topside sounder missions, their launch dates, and
accessible data (Bilitza, 1994).

2.5 Variation of the ionosphere

Figure 2.3: A graph illustrating the diurnal variation of average TEC on 20 April

2015 over Aliwal North station (30.68° S, 26.72°E), South Africa.
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2.5.1 Diurnal Variations

The ionosphere's electron density fluctuates throughout the day and night. Because
the D region is known to absorb HF waves, ionosondes cannot study its diurnal
oscillations in the same way that the E and F regions can. However, this does not
imply the absence of the D region. According to McNamara (1991), the D region
exists throughout the day because of the availability of solar X-rays, which ionize
portions of the constituents. The D region disappears at night due to recombination
and electron attachment dominates (McNamara, 1991; Dieminger et al., 1996b).

Figure 2.2 indicates that the D region disappears at night due to a lack of solar
energy. According to McNamara (1991), the E region does not fully disappear at
night, but instead shrinks significantly, making it less reflective of HF waves. The
Fy layer vanishes completely after nightfall since it is indistinguishable from the
Fy layer. Furthermore, the Fy layer remains throughout the night, as illustrated in
Figure 2.2. This is attributed to thermospheric neutral winds pushing the F region
plasma upward to low-recombination altitudes (Ondoh and Marubashi, 2001).

The ionosphere's electron density fluctuates throughout the day and night. Accord-
ing to Hofmann-Wellenhof et al. (1992), TEC is determined by electron density,
which in turn is determined by solar radiation, the primary source of photoion-
ization. The TEC is calculated by integrating electron density versus altitude
(Hofmann-Wellenhof et al., 1992; Zolesi and Cander, 2014). TEC fluctuation is
heavily impacted by changes in the intensity of daily solar radiation. TEC achieves
its peak values at around local midday, when the solar zenith angle is about zero.
The zenith angle is defined as the angle formed by the Sun's rays and the vertical
direction. When the solar zenith is zero, the Sun is overhead and photoionization
is at its peak. At night, electron loss during recombination causes TEC to decrease.
Figure 2.3 shows the diurnal variation of average TEC on April 20, 2015, over
Aliwal North station (30.68°S, 26.72°E). TEC was at its lowest between 20:00 UT
(22:00 LT) and 24:00 UT (02:00 LT) at night and at its highest between 12:00 UT
(14:00 LT) and 14:00 UT (16:00 LT) in the afternoon. The average was determined
by taking all the TEC values at a particular epoch, then computing the average
TEC value.
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2.5.2 Seasonal Variations

Figure 2.4: Seasonal variation of TEC during the year 2014 over Aliwal North
station (30.68°S, 26.72°F), South Africa. at 12:00 UT.

The solar zenith angle, which fluctuates throughout the year, contributes to
major seasonal variation in the ionosphere. The ionosphere forms in the neutral
atmosphere and changes with the Sun zenith angle. Winter middays have a higher
solar zenith angle than summer middays (McNamara, 1991). Summer has higher
ionization rates in the ionosphere compared to winter. Seasonal change in electron
density in the ionosphere has been observed (McNamara, 1991; Zolesi et al., 2014).
TEC levels are highest during the equinox months (March to May and September
to November) and summer, and lowest in winter (Rishbeth, 1969; Davies and
Harré, 1990; McNamara, 1991; Mukherjee et al., 2010; Patel et al., 2017).

There is an annual anomaly whereby the average ionospheric electron density is
higher on the winter solstice compared to summer solstice (Azpilicueta, Brunini
and Radicella; 2012). According to Ondoh and Marubashi (2001), the seasonal
anomaly is the result of an imbalance in [O,] and [Ny]. According to Hargreaves
(1979), electron generation in the Fy layer is primarily driven by atomic oxygen,
while recombination is driven by O, and N,. During summer, global air circulation
reduces atomic oxygen density. The ratios of [O]/[O2] and [O]/[Ns] decline during
summer, indicating decreased electron generation (Hargreaves, 1979). As a result,
the electron density in the Fy layer is higher during the winter than in the summer.
Furthermore, there are significant broad peaks in the critical frequency of Fy layer
at equinoxes. These peaks are known as the semi-annual anomaly. According to
Zou et al. (2000), this is related to thermospheric circulation. Rishbeth (1969)
found that the seasonal trend of [O]/[Ny] is symmetric around winter, resulting
in the observed semi-annual anomaly. Figure 2.4 illustrates the variation of TEC
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over Aliwal North, South Africa, at 12:00 UT (14:00 LT) in 2014. The graph
demonstrates that TEC values were significantly higher during the equinox months
and summer than in winter. According to Chapman's ionization theory, the solar
zenith angle controls the ionospheric electron density. For seasonal variation,

electron density should be higher in summer and lower in winter (Davies, 1990;
McNamara, 1991; Schunk and Nagy, 2009; Kelley, 2009; Mukherjee et al., 2010).

2.5.3 Solar Cycle Variations

The Sun's impact on the creation of electrons in the ionospheric layer varies with
changes in solar emission activity across time (Hargreaves, 1979). A solar cycle
lasts around eleven years. The quantity of sunspots on the surface of the Sun is a
measure of its activity, with the number of sunspots reaching its peak during periods
of high solar activity and its lowest during periods of low solar activity. Solar
x-rays and EUV radiation change over the solar cycle. X-ray and EUV radiation
levels are higher during the solar maximum compared to the solar minimum period.
The ionosphere produces more electrons during solar maximum (McNamara, 1991;
Hargreaves, 1992; Zolesi and Cander, 2014). The interaction of solar flare radiation
with ionosphere constituents causes immediate increase in electron density in the
ionosphere. Flare-enhanced photoionization at various altitudes in the ionosphere
abruptly increases the TEC, causes short radio wave fadeout and sudden frequency
deviation, and alters field-aligned plasma motion (Mendillo et al. 2018; Liu et al.
2022). Figure 2.5 shows how VTEC varies between high and low solar activity
over Aliwal North station (30.68°S, 26.72°E) during the March and September
equinoxes, as well as the June and December solstices. High solar activity leads to
higher photoionization rates, resulting in higher TEC values. Solar flares, which
create high levels of ionization in the ionosphere, are more frequent during periods
of high solar activity (Davies, 1990; Saha, 2008; Zolesi and Cander, 2014).
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Figure 2.5: (a) Average TEC variation for the 20 March 2014 and 23 September
2014 equinoxes, and for solstice days 21 June 2014 and 22 December 201/ over
Aliwal North station (30.68°S, 26.72°FE), South Africa. (b) illustrates the TEC
variation during the equinoxes of 20 March 2020 and 22 September 2020, and
during solstice days on 20 June 2020 and 21 December 2020

Solar activity in the ionosphere causes variations in neutral density, neutral wind,
ion and electron densities, temperature, and electric fields (Mukherjee et al., 2010;
Liu et al., 2011).

2.5.4 Latitudinal Variation

Vertical Total Electron Content Map
at 24-May-2022 18:05:00 UTC in TECU
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Figure 2.6: Global ionospheric TEC map (GIM) generated at Jet Propulsion
Laboratory (JPL) using GNSS data for 18:05 UTC on 24 May 2022 (Pi et al.,
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2021).

The intensity of radiation and daily production of free electrons reduces as lati-
tude increases, since solar radiation enters the atmosphere more obliquely. The
ionosphere can be divided into three sections (low-latitude, mid-latitude, and
high-latitude) with distinct features. Figure 2.6 shows the global ionospheric TEC
map at 18:05 UTC on 24 May 2022. The TEC gradually decreases with increasing
latitude.

2.5.4.1 Low Latitude Ionosphere

In the low-latitude region, the ionosphere is deformed with a depletion
in electron density across the geomagnetic equator and substantial enhancements
occurring around £20° north or south of the magnetic equator. This phenomenon
is induced by the "fountain effect": an electrodynamic lifting of the plasma
that drifts upwards until the pressure and gravity forces are high enough, at
which point the plasma is driven back through the magnetic field lines to higher
latitudes. This effect is caused by the geomagnetic field running horizontally over
the geomagnetic equator, resulting in strong electromagnetic forces that lead to
abnormally high electrical conductivity over the equator and a strong electric
current (an "electrojet") flowing in the E and F regions. Thus, the equatorial
ionosphere is higher in height than the mid-latitudes, with electron density
dropping to a minimum near the magnetic equator and reaching a maximum at
15°-20° latitude on both sides of the geomagnetic equator (Kelley, 2009; Zolesi and
Cander, 2014). This occurrence is referred to as the equatorial ionization anomaly
(EIA). The EIA begins at around 10:00 LT in the morning, lasts until sunset, and
covers over half of the world in 24 hours (Balan, Liu, and Le, 2018). Geophysical
factors affect the location and ratio of crest-to-trough (Kelley et al., 2004; Kelley
2009). Local EIA regions can become unstable at night, particularly in the evening
when only the high-altitude F region ionosphere remains (Eastes et al., 2019).
The EIA is caused by a daytime eastward electric field around the equator. The
position and intensity of the EIA's two crests alter due to fluctuations in electric
fields and neutral winds (Kelley et al., 2004; Kelley, 2009). Figure 2.7 illustrate
the concept and mechanism of EIA.
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Figure 2.7: Schematic of the EIA, upward plasma drift and following the downward
diffusion along the field lines are shown by the arrows, producing the fountain effect.

(Anderson, 2004).

2.5.4.2 Mid Latitude Ionosphere

The mid-latitudinal ionospheric geomagnetic latitude spans from 30° to
60° on both sides of the geomagnetic equator. The mid-latitudinal ionosphere
is less complicated than other latitudes under normal solar-terrestrial settings,
with a minor spatial gradient that changes slowly (Zolesi and Cander, 2014). At
mid-latitudes, magnetic field lines containing high-density plasma are substantially
shorter, gravity works parallel to the magnetic field, and wind effects are at
least as strong as electric fields (Hunsucker and Hargreaves, 2007; Kelley, 2009;
Zolesi and Cander, 2014). The shielding effect of the Alfvén layer prevents the
magnetospheric electric field from having a major impact on the mid-latitude
quiescent ionosphere (Huba et al., 2005; Kelley, 2009). The mid-latitude ionosphere
is quiescent plasma under geomagnetically quiet conditions, but the plasma density
varies due to both plasma and neutral processes (Titheridge, 1995; Tsugawa
et al., 2004). The irregularity of the ionosphere during geomagnetic storms at
mid-latitudes is powerful enough to induce changes in signal power, known as
ionospheric scintillation. Irregularities in radio waves can induce amplitude and
phase scintillation, impacting satellite communications and GPS navigation
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systems (Basu et al., 2001, 2002; Mishin et al., 2003). During the solar maximum,
mid-latitude scintillation peaks, ionization density in the F-region rises, and
anomalies emerge against this background (Basu et al., 2002; Heelis, 2004; Kelley,
2009). Scintillation occurs less frequently in the mid-latitude ionosphere compared
to low- and high-latitude ionospheres (Basu et al., 1988, 2002; Kuai et al., 2022).
Ionospheric scintillation transpires often in low latitudes between sunset and
evening hours (Abdu et al., 1985; Muella et al., 2010; Liu et al., 2015), as well
as in high latitudes (Kersley et al., 1988; Secan et al., 1997; Jiao et al., 2013).
During geomagnetic storms, the auroral zone expands towards the equator and
diminishes at mid-latitudes (Zolesi and Cander, 2014). Photoionization is the
primary source of ionization in the mid-latitude ionosphere, resulting in significant
diurnal, seasonal, and solar cycle changes (Rishbeth and Garriott, 1969; Saha,
2008; Heelis, 2004; Kelley, 2009; Schunk and Nagy, 2009; Zolesi and Cander, 2014).

2.5.4.3 High Latitude Ionosphere

The high latitude ionosphere has geomagnetic latitudes ranging from
60° to 90° on either side of the equator (Schunk and Nagy, 2009; Zolesi and
Cander, 2014). High-latitude regions experience the most variability due to their
connectivity to the outer magnetosphere and interplanetary medium through
field lines. The geophysical environment and internal processes have a significant
impact on the system. The magnetosphere's electric field causes large-scale
mobility in the high-latitude ionosphere, impacting electron density morphology.
According to (Rishbeth and Garriott, 1969; Schunk and Nagy, 2009; Zolesi and
Cander, 2014), ion-neutral frictional heating causes an increase in ion temperature
as plasma moves through neutral particles. As ion temperature increases, the
chemical kinetics of the ions, topside plasma scale heights, and ion composition
varies. Furthermore, particle deposition in the auroral oval boosts ionization rates
and electron temperatures. This has an impact on ion and electron density as
well as temperature. Ionospheric changes influence the thermosphere's structure,
circulation, and composition (Kelley, 2009; Schunk and Nagy, 2009; Zolesi and
Cander, 2014).

The Sun's low elevation leads to weak ion formation from EUV and X-rays, while
high-energy charged particles mostly contribute to ion generation at high latitudes
(Saha, 2008; Schunk and Nagy, 2009). At geomagnetic latitudes over 75°, the polar
ionosphere dissipates solar wind energy, which can significantly impact the upper
atmospheric energy balance. Energy is dispersed through heat, wind, and waves
(Schunk and Nagy, 2009; Kelley, 2009). The high-latitudes are known for the main
ionospheric trough (MIT), which affects electron density in the F-region during the
night. Taylor Jr. et al. (1975) and Zolesi and Cander (2014) describe an ionized
latitudinal patch in the afternoon sector at around 70° magnetic latitude as the
natural barrier between the mid-latitudes and the auroral ionosphere. The MIT
is also known as the mid-latitude ionospheric trough (Moffett and Quegan, 1983;
Lubyk et al., 2022). The MIT is a crucial component of the subauroral ionosphere,
occurring frequently during winter nights. According to Karpachev and Afonin
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(1998) and Karpachev et al. (2016), 90-95% of MIT observations occurred during
periods of high solar activity. Higher illumination of the high-latitude ionosphere
reduces the likelihood of a midday MIT (Karpachev et al., 2022). The MIT's
location is determined by local time, longitude, and magnetic activity (Ahmed et
al., 1979; Karpachev and Afonin, 1998).

2.6 Geomagnetic Storms

According to Hargreaves (1992), a geomagnetic storm is characterized as a signifi-
cant deviation from typical ionospheric or geomagnetic behaviour and typically
lasts for one to several days. Significant variations in the geomagnetic field are
characterized as geomagnetic storms (Hargreaves, 1992; Gonzalez et al., 1994).
Charged particles from solar winds that interact with the geomagnetic field can be
the source of these variations. An interplanetary magnetic field (IMF) in a solar
wind that is headed toward Earth interacts with the geomagnetic field when it
arrives (Hargreaves, 1992; Gonzalez et al., 1994). When the Earth's magnetosphere
is exposed to solar wind particles, a geomagnetic storm happens as a result of the
interaction between the southerly component of the IMF and the geomagnetic field
(Dieminger et al., 1996b; Tsurutani and Gonzalez, 1997; Borovsky and Denton,
2006). According to Borovsky and Denton, (2006), solar winds that are delivered to
the geomagnetic field by coronal mass ejections (CMESs) or corotating interacting
regions (CIRs) are typically responsible for geomagnetic storms.

2.6.1 Causes of geomagnetic storms

Geomagnetic storms are generally caused by CMEs, interplanetary shocks, and
CIRs formed by slow and fast solar wind streams (Hargreaves, 1992; Tsurutani et al.,
2006; Moldwin, 2008). According to Hargreaves (1979), a CME is a huge cloud of
charged particles that the Sun releases, usually during solar maximum. According
to Borovsky and Denton, (2006), a coronal hole, or low temperature zone, on the
photosphere releases charged solar particles at high speeds into a CIR. When the
fast, extremely intense CMEs stream away from the Sun, they create shock waves
in front of them (Crooker et al., 1997; Moldwin, 2008). Shock waves are crucial in
accelerating solar energetic particles (SEPs) (Crooker et al., 1997). A CME's transit
duration from the Sun to the Earth ranges between one and five days, depending
on its initial velocity, mass, and size, as well as the circumstances and coupling
processes with the ambient solar wind flow in interplanetary space (Crooker et al.,
1997; Moldwin, 2008; Temmer, 2016). The CMEs have greater magnetic fields than
the ambient solar wind, resulting in a compacted magnetosphere. This energy may
trigger a geomagnetic storm, which would intensify the Van Allen radiation belts
and produce an aurora (Moldwin, 2008). CMEs can generate geomagnetic storms
and ionospheric disturbances (Gopalswamy, 2006). CMEs, which occur during the
solar maximum, are the primary cause of big magnetic storms with more severe
societal repercussions than CIR storms (Webb, 1991; Turner et al., 2009).

Moderate geomagnetic storms are mostly caused by CIRs that intrude on the mag-
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netosphere (Tsurutani et al., 2006). CIR-driven storms occur when the rapid solar
wind from a coronal hole interacts with the slow solar wind of the interplanetary
medium (Moldwin, 2008; Tsurutani et al., 2006; Turner et al., 2009; Richardson,
2018). When rapid and slow solar winds interact, the plasma compresses near
the boundary, which results in enhancing the density of the slow wind zone. The
fast solar wind's plasma converts kinetic energy into thermal energy, causing
heating and decreasing plasma density (Akasofu, 1981; Bagh et al., 2000; Turner
et al., 2009). Disturbance storm time (Dst) index assesses the intensity of the
Earth's equatorial magnetic field due to particle injection into the magnetosphere
(Tsurutani et al., 1997; Echer et al., 2011).

During a magnetic storm, electric currents known as ring currents surround the
Earth (Hargreaves, 1979). During the main phase of a geomagnetic storm, par-
ticles are injected into the magnetosphere, causing ring current to grow. As the
ring current rises, Dst decreases. According to Parkinson (1983), Davies (1990),
Campbell (2001) and Tsurutani (2001), the Earth's magnetic field weakens due
to the ring current encircling it. Four near-equatorial geomagnetic observatories
measure hourly averages of the horizontal component of the Earth's magnetic field
to calculate the Dst index (nT) (Campbell, 1997). The Dst index describes only
the zonal average disturbance, not its local dependence. The Dst index is provided
by

Dst = 50 2.9
where [ is the geomagnetic latitude of the station, AH is the horizontal component
of the magnetic field without the nightime baseline value and Hq is the horizontal
components of the magnetic field disturbance on the quietest day at a specific
station, and N is the total number of stations. The cos [ coefficient seeks to
normalize magnetic disturbances to equator values at different latitudes (Kamide
and Maltsev, 2007). The Dst index is calculated using four ground-based magnetic
stations: San Juan, Honolulu, Kakioka, and Hermanus.

Geographic Dipole
Observatory Longitude °] Latitude [7] Latitude
Hermanus 19.22 -34.40 -33.3
Kakioka 140.18 36.23 26.0
Honolulu 201.98 21.32 21.1
San Juan 293.85 18.01 29.9

Table 2.2: The network of magnetometers that are used to derive the Dst index

These four observatories were chosen for their proximity to the magnetic
equator, making them less affected by the auroral current system. Furthermore,
their location far from the magnetic equator reduces their exposure to the
equatorial electrojet current in the ionosphere (Wanliss and Showalter, 2006).
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Figure 2.8: A map showing the network of magnetometers that are used to derive
the Dst index (http://isgi.unistra.fr/index.php).

Geomagnetic storms are classified as weak, moderate, intense, strong, or great
depending on their Dst levels (Prolss, 1995).

Table 2.3: Categories of a geomagnetic of storm according to the Dst index (Loewe

and Prolss, 1997).

Dst Index (nT)
-30 > Dst > -50
-50 > Dst > -100
-100 > Dst > -200
-200 > Dst > -350
Dst < -350 Great

Category
Weak
Moderate
Intense
Strong
Great
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2.6.2 Phases of Geomagnetic Storms

A divergence of electron density from normal behaviour in reaction to magnetic
storms is known as an ionospheric storm (Hargreaves, 1992). Tonospheric storms
are classified as positive or negative depending on how much electron density is
present in the ionosphere (McNamara, 1991). The electron density is increased
during a positive storm; this is indicated by a decrease in the reflection height for
extremely low frequency waves (Hargreaves, 1992) and an increase in HF wave
absorption (Ratcliffe, 1960) and for extremely low frequency waves, by a smaller
reflection altitude (Hargreaves, 1992). This impact mostly manifests itself during
the primary phase of magnetic storms; however, in the case of major storms, it
may continue into the recovery period, a phenomenon referred to as post storm

effects (Hargreaves, 1992). A geomagnetic storm comprises three phases:

(1)

Initial phase (IP): During this phase, the geomagnetic field or its
measurement (Dst) rapidly increases due to a stream of protons and
electrons brought in by the solar wind for a few minutes. These hit
the Earth's magnetopause, causing Sudden Commencement (SC)
or Sudden Storm Commencements (SSC). Note that geomagnetic
storms have SSC. This is part of an initial or positive phase that can
endure for a few hours, resulting in an increase in the geomagnetic
field (Dst) (Koskinen, 2011).

Main phase (MP): This phase begins when the H component of
the magnetic field at the equator drops due to the westward ring
current that circles the Earth. Particles of different energies/species
do not reach near the Earth at the same moment because their
velocities differ. This phase may last several hours. As the density
of the stream decreases, so does Dst, until it achieves its mini-
mal value. During the storm's main phase, a ring of energetic
particles surrounds the Earth (Tsurutani et al., 1997; Moldwin,
2008). The main phase of a CME-driven storm might span a few
hours or perhaps a day (Borovsky and Denton, 2006; Matamba
and Habarulema, 2018). The CIR-driven storm has a weak to
moderate intensity (-30 nT > Dst > -75 nT) during its main phase,
which lasts roughly a day (Davies, 1990; Campbell, 2001; Moldwin,
2008).

Recovery phase (RP): In this phase, the IMF goes north and the
ring current decays, eventually increasing the Earth's magnetic field.
The Dst gradually returns to the quiet time value, and this phase
can extend for several hours or days. Geomagnetic storm recovery
time is longer for CIR-driven storms compared to CME-driven ones.
According to Tsurutani et al. (1997) and Borovsky and Denton
(2006), the recovery phase of a CME storm may endure up to two
days. CME-driven storms have high maximum energy intake but
short duration. CIR-driven storms have a lower maximum energy
intake, but last longer (Borovsky and Denton, 2006; Chen et al.,
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2014). Storms induced by CIR and CME are categorized based
on proton temperature, solar wind velocity, magnetic field, and
proton density (Borovsky and Denton, 2006; Richardson and Cane,
2010; Richardson, 2018).

Figure 2.9: Dst index variations during a) CME-driven and b) CIR-driven geo-
magnetic storms.

Figure 2.9 shows the three phases of the geomagnetic storms that occurred on
14-18 December 2005 and 11-16 January 2000. The two panels show the Dst index
for two independent geomagnetic storm events. Panel (a) shows the Dst index
from 14th to 16th December, 2006, describing a intense geomagnetic storm. In the
main phase of 15th December, the Dst index decrease steeply to a minimum of
nearly -160 n'T, showing an intense geomagnetic disturbance. This is followed by a
gradual Recovery Phase. The initial and main phases are well defined with a rapid
transition into recovery.

Panel (b) shows the Dst index from 11th to 17th January 2000. This storm was of
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lesser magnitude as compared to the December 2006 event. The Dst index had a
minimum of about -80 nT. The Initial and Main Phases both occur on the 11th and
12th of January respectively. Compared to the storm of December 2006, this has a
more gradual decrease in Dst index. There shortly follows a Recovery Phase after
the Main Phase, though the Dst index is relatively low throughout, indicating a
slower recovery. What is observed is that the storm in December 2006 was intense,
with a faster recovery phase, the January 2000 storm was moderate, and was more
gradual in its recovery phase. The December 2006 storm features a sudden storm
commencement (SSC) which is not observed in the January 2000 storm.

2.6.3 Negative effect of geomagnetic storms on the ionosphere

A rapid expansion of polar ionization enhancement caused by increased energy
input at high latitudes causes an upwelling of the neutral atmosphere and a
decrease in the atom-to-molecule ratio as air of different composition (with fewer
light atoms/molecules) is raised to high altitudes (Prolss, 1995; Blagoveshchenskii,
2013; Rukundo, 2023; Rajana et al, 2024). Rapid heating and expansion of
the atmosphere at high latitudes creates a pressure gradient, which alters global
thermospheric circulation and leads to stronger equatorward winds (Chamberlain,
1987; Prolss, 1995; Schneider, 2006; Nugent, 2019). Because of the shift in chemical
composition, recombination rises in the ionosphere, reducing electron density. For
example, oxygen depletion and inhancement of molecular nitrogen concentrations
are essential in studying the ionosphere during geomagnetic storms because they
diminish ionization density at Fa-region altitudes (Prolss, 1995). At the Fs-region
altitude, ionization is produced through photoionization of atomic oxygen. With
the assumption that the atmosphere is optically thin, the production rate (q) is
exactly proportional to the atomic oxygen density ([O]) (Prolss, 1995; Mansilla,
2012).

q= J,0], 2.10

where Jg is the ionization frequency of this element. The loss of ionization at the
Fy-region altitude is produced by charge transfer reactions of the following type:

O~ + N, "% NO++ N, 2.11
O+ 0, 22 0f +0, 2.12

where k; and ky are the corresponding reaction rate constants. Dissociative
recombination destroys the resultant molecular ions; N O and O,*. The loss rate
can be expressed as:

I(N) = BlO], 2.13

where N denotes electron density; O depends on the density of the molecular gases
NQ and OQ.
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B = ki[Na] + k2 [O], 2.14

The measured composition changes are utilized to determine storm effects by
computing the disturbed-to-undisturbed O and Ny values. The ratio R(n) is the
storm-time value of the gas element n divided by the relevant quiet-time value.

R(Ny) = 75 =R(2), 2.15

where Ny, is the maximum electron density and is given by

N,, = 2.16

q
ﬁ )
An increase in Ny density and a fall in O density implies a decrease in [O]/[Ng],
which results in a decrease in electron density, because a recurring decrease in

O density reduces the rate of ionization (Prolss, 1995; Blagoveshchenskii, 2013;
Rukundo, 2023; Rajana et al., 2024).

Electric fields are responsible for electron transport and increasing the loss of
ionization. The reason for this is that the reaction rates of the constants k; and ks
are strongly correlated with both the ion temperature and the relative flow speeds
of the interacting gases (Prolss, 1995). At higher latitudes, k; is proportional to the
square of the effective temperature. Electrodynamic heating causes the effective
temperature to rise roughly in proportion to the square of the effective electric
field strength (Prolss, 1995; Blagoveshchenskii, 2013; Rukundo, 2023; Rajana et al.,
2024). Chemical loss rates influence plasma density, and any chemical change (not
driven by dynamics) results in the production of vibrationally excited molecular
nitrogen. These species increase the plasma loss coefficient, and the increased loss
rate causes large decreases in the Fo-region electron density (Fuller-Rowell et al.,
1994). The rise in the loss rate results in visible gaps in the plasma density and
the creation of new troughs at both sub- and transauroral latitudes (Fuller-Rowell
et al., 1994; Prolss, 1995).

During geomagnetic storms, Joule heating induces a significant upwelling of the
atmosphere around the auroral oval, resulting in a range of physical and chemical
changes in the atmosphere (Chamberlain, 1987; Prolss, 1995; Schneider, 2006;
Nugent, 2019). Particle precipitation is a significant source of ionization in the
polar ionosphere, particularly during solar eclipses and winter solstices. During
strong disturbance conditions, particle precipitation increases density at higher
latitudes (Prolss, 1995). Joule heating and electrodynamic drift are linked to
auroral electrojets (Figure 2.10). During a geomagnetic storm, Joule heating can
account for 50.0% of total energy input to the ionosphere (Fuller-Rowell et al.,
1994; Danilov and LaStovicka, 2002; Burns et al., 2007; Mansilla, 2012). This
energy input is the result of an Ohmic interaction between some currents and the
electric field in the ionosphere.
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Figure 2.10: The Joule heating, the electron precipitation and the ring current in
the ionosphere(Kamide and Baumjohann, 1993; Stern, 1996).

Convergence winds generate an increase in mean molecular mass in the upwelling
zone, while decreasing it in the downwelling region. This rise causes negative
storms at higher latitudes. Upwelling and increased molecular oxygen speed up
ion recombination, resulting in lower plasma density (Fuller-Rowell et al., 1994).
During a geomagnetic storm, Joule heating at high latitudes reduces the poleward
wind on the dayside and strengthens the equatorward wind on the nightside,
resulting in a storm circulation that transports air with more molecular species.
Increasing the number of molecular species leads to more O recombination and
lower electron density in the Fy area (Huang et al., 2005; Burns et al., 2007;
Mansilla, 2012).

Particle precipitation induces thermal expansion and massive upward flows, ex-
acerbating the drop in ionization density. Figure 2.10 illustrates how neutral
composition variations might create disturbances in polar regions. During a ge-
omagnetic storm, shifting the auroral oval towards the equator might result in
unfavorable storm impacts due to energetic particle precipitation (Danilov and
Lastovicka, 2002; Lekshmi et al., 2011). The majority of the energy in the form
of energetic particle precipitation (kinetic energy) is related with the cross-polar
cap potential decrease, rather than the auroral oval. During the evening, the
auroral oval shifts toward the equator, causing flux tubes to stay in a region where
recombination occurs but not production (Fuller-Rowell et al., 1994; Danilov and
Lastovicka, 2002; Burns et al., 2007).

During polar cap growth, rapid ion fluxes through dayside convection enhance the
rate of recombination in the Fy-region, leading to ionization depletion (Yizengaw
et al., 2005).
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Figure 2.11: Storm effect on TEC over GRHI Gorahi ( 27.95°N, 82.49°F), India

During geomagnetic storms, the behavior of the ionosphere can change, causing
plasma density to increase or decrease (Rishbeth 1963; McNamara 1991; Moldwin
2008). A positive or negative ionospheric storm is defined as an increase or decrease
in plasma density. The ionosphere's response to geomagnetic storms is important
for system researchers and model developers because it allows them to characterize
the formation or inhibition of ionospheric irregularities during space weather events
(Sahai et al. 2009; Horvath and Lovell 2015).

When the magnitude of TEC deviation is significant, the ionosphere's response to
a geomagnetic storm is deemed considerable. Previously, ionospheric storms over
the mid-latitude region were defined as those with a percentage TEC deviation
of 40% or above (Matamba et al., 2015). The ionosphere over the low-latitude
region is more turbulent than that over the mid-latitude region (Molchanov, 2004;
Hobara et al., 2005; Amabayo et al., 2014), hence a percentage TEC deviation of
+ 45% was selected (Dugassa et al., 2020).

To determine ionospheric storm effects, our study employed the monthly median
TEC values for the month in which the storm occurred as background data. Thus,
ionospheric storm effects were analyzed using the equation:
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ATEC = TECIECH % 100%, 2.17

where ATEC is the percentage TEC deviation, and TEC,, is monthly median TEC
value at a particular epoch.

Figure 2.11 depicts ionospheric storm effect from July 14 to 19, 2012. a) shows
TEC variation over Gorahi, GRHI station, (27.95°N, 82.49°E), India, the red
plot represent the monthly median while the black plot represent Storm time
TEC. b) shows the TEC deviation in percentages. The dotted red line depicts the
threshold value of ATEC which is £45%. c) illustrates Dst Index in nT. During the
recovery of the geomagnetic storm, on July 16, 2012, a decrease in TEC compared
to monthly medians occurred. The ATEC indicated a considerable decrease of
approximately 50%. On July 16, 2012, ATEC was negative between 0600 and 1200
UT (Kuai, 2017). The combined effects of neutral composition disturbances and
electric fields on July 16 are responsible for the significant negative storm effects
(Liu et al., 2014).

2.6.4 Positive effects of geomagnetic storm on the ionosphere

According to Obayashi and Matuura (1972), neutral composition changes can also
lead to positive ionospheric storms. There is no evidence to support this notion
in highly disturbed situations (Burns et al., 2007; Prolss, 1995; Mendillo, 2006;
Prolss, 2008). Observations strongly support the theory that positive ionospheric
storms are induced by ionization transport (Prolss, 1995; Danilov, 2013; Suvorova
et al., 2014; Chen et al., 2014). High latitude heat input leads to increased
meridional pressure gradient and improved global wind circulation. Winds move
ions up field lines into slower recombination zones, increasing electron concentration
(Fuller-Rowell et al., 1994; Mendillo, 2006; Prolss, 2008). Near high latitudes,
wind circulation drives molecular-species-rich air higher, increasing the density
of molecular species compared to atomic species. This increases the ratio of
recombination to production near the Fy peak (Burns et al., 2007). The observed
positive storm phase at middle latitudes was mostly attributed to the stronger
eastward electric field. The electric field elevates the Fa-region plasma, leading to
increased electron density.
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Figure 2.12: The polar energy deposition and the composition disturbance zones
(Prolss, 1995).

During storms or substorms, an enhanced convective electric field transports
nightside plasmaspheric plasma from higher to lower L-shells with smaller volumes,
resulting in increased plasma pressure in the magnetic flux tube and downward
plasma flux. These fluxes contribute to higher electron density in the F, area.
Energy injections, as depicted in Figure 2.12, elevate the Fao-region and contribute
to the rise in density in polar latitudes (Prolss, 1995; Tsagouri et al., 2000; Horvath,
2007; Horvath and Lovell, 2015). The [O]/[N2] increases with height, and the
increase in this ratio indicates an increase in electron density (Yu et al., 2020).
According to Mikhailov et al. (1995), traveling atmospheric disturbances (TADs)
can elevate the Fo-region, resulting in favorable positive storm effects. Elevating
the Fs-region of the ionosphere reduces recombination rates, resulting in increased
plasma density.

Figure 2.11 depicts the positive ionospheric storm effect from July 14 to 16, 2012
over Gorahi, GRHI station, (27.95°N, 82.49°E), India. During the main of the
geomagnetic storm, on July 15, 2012, an increase in TEC compared to monthly
medians occurred. The ATEC indicated a considerable increase of around 50%.
On July 14, 2012, positive storm effect was observed between 1600 UT on 14
July and 0500 UT on 16 July (Kuai, 2017). Liu et al. (2014) also examined the
combined effects of the multiple electric fields on July 15 and on July 16 in the
American sector. The nighttime EIA intensification (positive storm effect) on July
16 in the American sector was attributed to the nighttime eastward electric field,
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which may have elevated the Fj region to higher altitudes. Kuai et al. (2015)
observed a nighttime long-duration positive storm induced by an eastward electric
field over Jicamarca, an American equatorial station.

2.7 Conclusions

This chapter covered the Earth's atmosphere and ionosphere with a focus on
TEC and its behaviour during geomagnetic storms. The mechanisms that cause
ionospheric responses during storms were also briefly reviewed. The next chapter
presents the formation mechanism and characteristics of AGWs and TIDs. The
chapter also briefly touches on Medium and Large Scale TIDs.
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Chapter 3: Atmospheric Gravity
Waves and Travelling Ionospheric
Disturbances

This chapter explains how atmospheric conditions affect the propagation of gravity
waves. The dispersion relations of gravity wave distinguishes atmospheric waves
from acoustic waves. Atmospheric gravity waves may originate from many sources
and propagate in different ways. The manifestation of travelling ionospheric
disturbance (TIDs) by atmospheric gravity waves are discussed.

3.1 Atmospheric Hydrostatic Equilibrium

According to Holton et al. (2003) and Rauber and Ramamurthy (2015), atmospheric
gravity waves are buoyancy oscillations in a stably stratified fluid that are restored
by gravity. The restoring force moves the packet back to its neutral position,
however it may overshoot due to inertia. If viscous forces are weak enough, the
system will oscillate around its neutral state. Due to local displacement of the
fluid, oscillations are caused and spread throughout the region as transverse waves
known as atmospheric gravity waves (Hines, 1960; Beer, 1974; Hunsucker, 1982;
Nappo, 2013). AGWs are oscillations that generate disturbances in the atmosphere.
Hydrostatic equilibrium is the balance of upward pressure and downward gravity
in a fluid. The word hydrostatic is used to describe a fixed (static) equilibrium in
a fluid (hydro) between pressure pushing up and gravity pulling down.

When the assumption that the Earth’s atmosphere is an isothermal ideal gas, then
the equation of state is given by

p= pRT, 3.1

With p being the pressure, p is density, R = 287 J k¢! K *! is the universal gas
constant and T is the average temperature (Nappo, 2002).

When there is no vertical motion, the atmosphere can be estimated to be in
hydrostatic equilibrium. This explains that an upward pressure acting on an air
parcel of density p, with a unit area (dzdy = 1) at height dz is in balance with the
weight of the air parcel
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dp = —pgdz, 3.2

g = 9.8 m/s? is the Earth’s acceleration due to gravity.

d(pRT) = —pgdz, 3.3

RT is a constant.

RTdp = —pgdz, 3.4

We reduce the equation 3.4 to:

d
?p = —-Ldz, 3.5

Integrating the above equation

dp = —5dz, 3.6

o=

From the integration, we obtain the following

Inln p —1Inin py = lnlnpﬂ0 = — 352, 3.7

which is equivalent to

p= poe AT, 3.8

Given that H is a scale height for the atmosphere, which is given as:

H=EL 3.9

g
Thus, the density is given by:

p= poe T, 3.10

Equation 3.10 suggests that the density of a stable atmosphere decreases with

altitude.

3.2 Isothermal Buoyancy Angular Frequency

An air parcel can be displaced vertically in a stratified atmosphere which is stable,
causing the generation of gravity waves due to the Buoyancy force, which acts to
restore the equilibrium (Nappo, 2002; Schunk and Nagy, 2009). The air parcel
oscillates at its equilibrium position at the Brunt-Viiséla frequency due to the
restoring force. An air parcel displaced from its equilibrium position (s.) with a
distance ds and an angle of a from the vertical, the Buoyancy force acting on the

displaced air parcel is given as follows:
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mp% = —g sin a (my, —my,), 3.11

where g sin o, m,, mg is the gravity component along the displacement direction,
mass of an air parcel in equilibrium with its environment at height s, and the mass
of the displaced air in the parcel respectively (Nappo, 2002). Using the ideal gas
law and rewriting the mass of the air parcel using p and volume (V' ), equation
3.11 can be reduce to (Nappo, 2002):

2 S .
PVt — g sin a (p,Vp — paVa), 3.12

Assuming that the air pressure of the air parcel is equal to that of the environment
and that the volume stays the same, the equation is now simplified to:

= —¢g sin « (Tp— T“), 3.13

where T, and T}, are the environmental and parcel temperatures, respectively. The
Taylor series expansion of T;, and T}, to the first degree substituted in Equation
3.13 leads to:

d?(6s) __ —g sin T, a7,
ant = =g (e - G2)ds, 3.14
By applying the adiabatic lapse rate, I' = Balsp = 951%, where C), is the specific
p
heat capacity at constant pressure, the expression can be written as follows:
d*(6s) _ —g sin T, in
= e (85 _gscpa>53’ 3.15

R
Equation 3.15 can be rewritten using the potential temperature 8 = T,(1000/p)
which is the temperature of an air parcel that is moved adiabatically from an
altitude with pressure to the ground where the pressure is 1000 mb (Nappo, 2002):

@(0s) - % sin” ads, 3.16

Then the motion of the parcel along the displacement direction is expressed by:

ds(t) = Ae~™»t 4 Be~ ot 3.17
where w? = % sin? ov is the Brunt-Viisild frequency, or it can be rewritten by

2 ﬂ)

using the frequency for purely vertical displacement (i.e. w; = 95°

Wy = Wy sin sin a 3.18

Therefore, for « = 0° then w, = 0 and the motion is horizontal with no oscillation,
and if « = 90°, which means a vertical displacement, then w, = w,.
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3.3 Dispersion relation equation for gravity waves

Gravity waves propagate in the atmosphere by the interaction between the pressure
gradient (Vp), the buoyancy force (pg) and the inertia force (Hocke and Schlegel,
1996). Linear theory is used to explain and formulate the dispersion relation
equation for gravity waves. When deriving the dispersion relation the Coriolis
force and centripetal acceleration are ignored because gravity wave periods which
are between 10 min and 3 hrs are much less than planetary rotation periods, 24
hrs (Schunk and Nagy, 2009). The atmosphere is then assumed to be isothermal,
compressible and inviscid to rule out the source and dissipation mechanisms (Hines,
1960; Schunk and Nagy, 2009). Additionally, the continuity, momentum and energy
equations for a single-component neutral gas are given by the following equations
respectively (Schunk and Nagy, 2009):

%—l— Ve (pu) =0, 3.19

p(%—kro)u—I— Vp— pG =0, 3.20

(%+U'V)p+w(V°U)=O, 3.21
where u, G, v = 5/3 is atmospheric velocity, gravitational acceleration and the

ratio of specific heat respectively. Utilisation of linearisation theory to expand the
atmospheric variables to a background and perturbed state p = po+ p1, p =
po + p1 and u = wu;. 0 and 1 subscripts denote the unperturbed (or initial) and
perturbed states of the atmosphere, respectively (Schunk and Nagy, 2009). py and
po in terms of the scale height are as follows py, py « e ™o where Hy = kTy/mg
and k is the Boltzmann constant, 1.381 x 1023J/K, which shows that the initial
atmospheric state varies with z exponentially. Substituting the above expressions
for the terms containing Vpg and Vp, results in u; - Vpy = — pg Hp u1, and
uy - Vpy = — po Ho uy,. The equations of continuity, momentum and energy
respectfully simplifies to the given equations,

5 (Zé) — gt + (Veu) =0, 3.22
ou o

G+ BVpg + VR — 2LG = (), 3.23
5 (i;) - H%Julﬁv(v-ul) =0, 3.24

uy, is the vertical component of the perturbed velocity. Perturbations in density,
pressure and velocity are represented by plane wave equation (Schunk and Nagy,
2009) as given here,
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g—;, %(1), up oc elFer—wt) 3.25

with K being the wave vector and w is the wave frequency. The assumption
that the gravity wave propagates in x-z plane (K = (K,, K,)) is made, thus
the momentum equation becomes two equations with the velocity in x and z
components (v = (u,, u,)). This results in four equations with four unknowns
(Schunk and Nagy, 2009):

—iw (%) + i K uy, + (iKZ — H%) uy, =0, 3.26
A 3.97
(i L — H%) %1}% —wu, + ¢, (Z—[l)) =0, 3.28
—iw (g—;) +ivKu, + (i’yKZ — H%)) u, =0, 3.29

co, K, K, is the speed of sound in the neutral gas, the horizontal and vertical
wave numbers, respectively. The dispersion relation for internal gravity waves is
expressed by (Hines, 1960; Schunk and Nagy, 2009):

wt —wdd (K2 + K2) + (v — 1) K2 — iyguw*K? = 0, 3.30

Equation 3.30 can be solved by ignoring gravity (¢ = 0) which gives the dispersion
relation of sound waves. In the case of sound waves both K and w are real and
the wave propagates without growth or attenuation (w ? = 3K?) (Hines, 1960;
Schunk and Nagy, 2009). There will be no solution where both K, and K, are
purely real and different from zero, if gravity is not set to zero in Equation 3.30.
This is the case for gravity waves, where waves experience attenuation as they
propagate. Therefore, one of the wave vector components has to be complex
(K, = K., + iK,), where K, is the real part and K, is the imaginary part.
Equation 2.30 then becomes

w —weg (K7 + K2, + K2) + (v = D K7 + g KZw® —
iWw? K2 (vg+2¢3K,1) = 0, 3.31
where the imaginary part of the equation becomes

K= —2%=—5— 3.32

i(Ker—wt) )

and the velocity perturbation equation (u; o e becomes
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_z .
Uy x e?Ho gl KawtKarz—ut) 3.33

Gravity waves are characterized by constant wave perturbation energy ( % pott 2. )

_ 219 __ 279
2

because py x e ‘0 and up, x e % (Schunk and Nagy, 2009). The amplitude of

the wave increases exponentially as the wave propagates towards higher altitudes
Zvg

where the density decreases (eﬁ) (Hines, 1960; Nappo, 2002; Schunk and Nagy,
2009).

3.4 Ionospheric Response to Gravity Waves

Understanding the ionosphere's variations relies on the continuity equation of
electron density. It depicts the rate of change in electron density at each altitude
as

@e= P,—L.—Ve(NV,), 3.34

According to Hooke (1970), Beer (1974) and Kelley (2009) electron density (N.),
velocity (V,), and production and loss rates (P. and L) all play a role in this
equation. Gravity waves disrupt electron density, resulting in two parts: background

(Neo) and disturbed (N,) (Hooke, 1970).

The electron density is given as:

N, = Ny + N, 3.35

Similarly, the electron velocity is expressed as
Ve=Vo+V,, 3.36

Assuming minimal production and loss coefficient perturbations and a windless
background ionosphere, the perturbations are as follows.

iNet — 7 o (Neve’) : 3.37

The AGW-induced velocity (V,

”) is linked to the perturbation velocity of neutral
gas (U,) by balancing Lorentz force and ion drag (Beer, 1974; Kelley, 2009):

M.Vy (V. = U,) +e (V. x B) =0, 3.38

where B is the geomagnetic field, M, is the electron mass, and V is the electron-
neutral collision frequency. Macleod (1966) described the solution as

‘/e, = % [TQUn +r (Un X b) + (Un X b) b] ) 3.39

r2
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where r is the ratio of ion-neutral frequency to electron gyro-frequency, and b
is a unit vector pointing in the direction of the geomagnetic field. According to
Macleod (1966), at altitudes beyond 170 km, » << 1. This leads to

V. = (U, x b)b, 3.40

Assume the perturbed electron density has the following form:

N, o e HWitkazthyy) 3.41

Hooke (1970) defined perturbed electron density in equation 3.37 as:

Ne ==LV o [Ny (U, @) b] 3.42

The equation indicates that the electron density fluctuations induced by AGWs
propagate in the atmosphere. These are known as traveling ionospheric disturbances
in the ionosphere (Hines, 1960; Hooke, 1970; Hocke and Schlegel, 1996).

3.5 Propagation of AGWs

AGWs exist at different altitudes, from tropospheric altitudes to thermospheric
altitudes. Thermospheric gravity waves have a larger vertical wavelength than
mesospheric gravity waves (Francis, 1974; Bristow et al., 1996; Bristow and
Greenwald, 1997). Gravity waves in the atmosphere move with oscillations that
are perpendicular to the direction of the energy transfer, i.e. they are transverse
waves (Hunsucker and Hargreaves, 2003). As waves propagate from a high density
region, i.e. the lower atmosphere, to a less dense region their amplitudes increase
and demonstrate instability (Vadas and Fritts, 2006). Figure 3.1 illustrates the
four mechanisms of AGW propagation in the atmosphere (Mayr et al., 1991, 2013).
Mode (1) is a direct gravity wave that propagates horizontally in the thermosphere.
These waves travel far from the source at fast speeds and have a long wavelength.
According to Mayr et al. (1991, 2013) and Hocke and Schlegel (1996), these waves
spread equatorward from high to mid latitudes. The second upper gravity wave
mode (2) travels diagonally from the thermosphere. Mode 2 waves have shorter
vertical wavelengths than mode 1 and attenuate in the upper atmosphere due to
high viscosity and thermal conduction (Hines, 1960; Mayr et al., 1991; Hocke and
Schlegel, 1996; Kelley, 2009).

AGW modes 3 and 4 propagate slower than sound in the lower atmosphere. Modes
3 and 4 correlate to medium- and large-scale TID observations in the ionosphere,
respectively (Hocke and Schlegel, 1996; Mayr et al., 2013). The low viscosity
and thermal conduction of the lower atmosphere allow this wave to travel large
distances. Mode 4 refers to a wave that bounces off the Earth's surface and travels
into the thermosphere (Mayr et al., 1991, 2013; Hocke and Schlegel, 1996).
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Figure 3.1: Schematic representation of the four modes of AGW propagation in
the lower and upper atmosphere (Mayr et al., 1991)

3.6 Sources of AGWs

AGWs in the thermosphere and ionosphere can be caused by a variety of factors,
including geomagnetic storms, auroral activity, wind shear, large-scale convective
systems, solar eclipses, meteorological processes in the lower atmosphere, and
man-made nuclear explosions (Hines, 1967; Hunsucker, 1982; Mayr et al., 1984;
Hajkowicz and Hunsucker, 1987; Vadas, 2007; Afraimovich et al., 2008, 2009a;
Vadas and Becker, 2018). The solar terminator marks the transition between day
and night. Solar radiation causes rapid variations in energy intake, resulting in
a sharp gradient in Earth's atmosphere and ionosphere properties like density,
temperature, and pressure (Somsikov and Ganguly, 1995).

A sharp gradient causes instability and fluctuations in ionospheric plasma (Hines,
1960; Francis, 1974; Somsikov and Ganguly, 1995). According to Somsikov and
Trotskii (1975), AGWs migrate in the same direction as the solar terminator due to
gravity's response to perturbations. Moving solar terminators are a unique source
of gravity waves due to their predictable behavior. Afraimovich et al. (2009a)
suggest that if the solar terminator is a consistent source of AGWs, the reaction
of the medium to this input can provide insights into atmospheric conditions.
Afraimovich et al. (2003, 2009a,b) discovered that the solar terminator transit
causes certain medium-scale ionospheric perturbations.

This is the wave packet that appears as a narrowband oscillation of the TEC.
MacDougall et al. (2009) identified solar terminators as a cause of several observed
TIDs. Recent research has linked TIDs to the solar terminator (Somsikov and
Trotskii, 1975; Somsikov and Ganguly, 1995; Afraimovich et al., 2003; Hernandez-
Pajares et al., 2006; Afraimovich et al., 2009a,b; MacDougall et al., 2009; Somsikov,
2011). Natural geological disasters like earthquakes, tsunamis, and volcanic erup-
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tions can also contribute to AGWs (Hocke and Schlegel, 1996; Boska and Sauli,
2001; Ibrahim et al., 2010; Chen et al., 2017; Savastano et al., 2017; Bravo et al.,
2022; Themens et al., 2022, and references therein). According to Beer (1974),
Charron and Brunet (1999), and Nappo (2013), as air travels over a mountain, it
creates a pressure gradient that requires momentum and energy exchange between
the fluid and the earth. The pressure is often higher on the upwind side of the
mountain and lower on the downwind. According to Charron and Brunet (1999),
air exerts a net force on the ground, while drag is perceived within the flow.
Rising surface winds create quasi-stationary waves that travel to the higher atmo-
sphere (Nappo, 2013; Heale et al., 2020). A mountain wave (MW) is unusual in
that it can only occur with the mean background wind. When the wind speed
reaches zero, the layer works as a critical level that filters the wave into the mean
flow (Booker and Bretherton, 1967; Heale et al., 2020). As the MW approaches
the critical level, it separates into minor vertical scales. A short vertical scale
leads to a significant vertical gradient in the wind and temperature structure of a
wave, potentially breaking a MW. Breaking waves result in secondary atmospheric
gravity waves (Bacmeister and Schoeberl, 1989; Satomura and Sato, 1999; Vadas
and Becker, 2018, 2019; Heale et al., 2020).

Studies indicate that energy fluctuations in the auroral region caused by geomag-
netic storms significantly impact the thermospheric composition by generating
atmospheric gravity waves (Hunsucker, 1982; Hocke and Schlegel, 1996; Balthazor
and Moffett, 1997). Equatorward AGWs are caused by momentum transfer via the
Lorentz force and heating, as well as particle deposition by Joule heat (Hajkowicz
and Hunsucker, 1987; Hocke and Schlegel, 1996; Balthazor and Moffett, 1997;
Afraimovich et al., 2008; Habarulema et al., 2016). Chimonas (1970) investigated
the equatorial electrojet as a potential source of gravity waves in disturbed con-
ditions. He found that the equatorial electrojet can augment the Lorentz force,
resulting in higher coupling between neutral particles and ions in the equatorial
area. lons transfer energy to neutral particles, creating gravity waves that prop-
agate poleward. According to Knudsen (1969) and Chimonas (1969, 1970), the
equatorial electrojet coupling produces less gravity waves that cause ionosphere
disturbances than the auroral electrojet.

3.7 Traveling Ionospheric Disturbances

TIDs disperse energy and momentum via molecular viscosity, thermal conductivity,
and ion drag (Ding et al., 2008). The study of wave motions in the high atmosphere
and their manifestation in the ionosphere began in the 1940s (Waldock and Jones,
1986; Nappo, 2002). Hines (1960) conducted the first study linking AGW to TIDs,
describing ionospheric abnormalities in terms of internal gravity waves. Since then,
TIDs have been intensively researched theoretically using models and data. Review
publications (Francis, 1975; Hunsucker, 1982; Hocke and Schlegel, 1996; Nishitani
et al., 2019) provide further information and highlights. Studies reveal that TIDs
have diverse properties and thus are usually classified into large-scale TIDs and
medium-scale TIDs, based on their wave velocity and periods (e.g. Hunsucker,
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1982; MacDougall et al., 2009).

3.7.1 Large-scale TIDs

Large-scale TIDs (LSTIDs) are defined as TIDs with horizontal velocities between
250 and 1000 ms™, wave periods between 0.5 and 3 hours, and a horizontal
wavelength of more than 1000 km (Ogawa et al., 1987; Samson et al., 1989;
Hocke and Schlegel, 1996). LSTIDs travel at a comparable speed to speed of
sound in the thermosphere (Hocke and Schlegel, 1996). LSTIDs are capable of
traveling large distances due to their high speed and long horizontal wavelengths.
LS TIDs in the equatorward direction are linked to auroral area joule heating,
particle precipitation, and Lorentz-coupling processes during geomagnetically
disturbed conditions (Hunsucker, 1982; Hocke and Schlegel, 1996; Balthazor and
Moffett, 1997; Bruinsma and Forbes, 2008). A geomagnetic storm injects energy
into the thermospheric-ionospheric system at high latitudes, leading to increased
winds, changes in neutral composition, and amplification of equatorward LSTIDs
(Hunsucker, 1982; Richmond et al., 1992; Fuller-Rowell et al., 1994; Hocke and
Schlegel, 1996; Balthazor and Moffett, 1997; Habarulema et al., 2022). Ding et
al. (2013) and Habarulema et al. (2015, 2016) observed poleward LSTIDs of
equatorial origin during disturbed conditions. Habarulema et al. (2015, 2016)
found that poleward LSTIDs may occur due to enhanced equatorial electrojet
(EEJ) during local daytime. Other poleward LSTIDs exist that propagate across
narrower latitudinal regions and are unrelated to any geomagnetic activity (Ding
et al., 2013). According to Vadas and Liu (2009), they might be caused by large
AGWs that radiate at a speed of 480 to 510 m/s. These AGWs form as secondary
waves when smaller ones dissipate in the thermosphere.

3.7.2 Medium-scale TIDs

According to several studies (Mayr et al., 1984; Hocke and Schlegel, 1996; Kotake et
al., 2007; Katamzi-Joseph et al., 2019; Vadas and Becker, 2019), medium scale TIDs
(MSTIDs) have wavelengths of roughly 100-1000 km, periods of 15-60 minutes,
and horizontal propagation velocities of 100-250 m/s. Over the years, MSTIDs
were observed by Incoherent scatter radar (Nicolls and Heinselman, 2007; Nishioka
et al., 2009; Panasenko et al., 2019), ionosonde (Bowman, 1990; Kozlovsky et
al., 2013), HF Doppler (Waldock and Jones, 1986; Grocott et al., 2013), airglow
imager (Otsuka et al., 2004; Shiokawa et al., 2009; Vadas et al., 2009; Fukushima
et al., 2012), and the total electron content approach (Afraimovich et al., 2003,
2009a; Kotake et al., 2007). These authors reported MSTIDs that occurred both
during the day and at night. MSTIDs appear more frequently. MSTIDs are more
common during winter days and summer nights (Kotake et al., 2007; Shiokawa
et al., 2009; Ding et al., 2014; Oinats et al., 2015). According to Fukushima et
al. (2012), the frequency of MSTIDs at night decreases as solar activity decreases.
MSTIDs can spread in any direction, depending on the sources, troposphere and
the season. Chum et al. (2012) discovered that MSTIDs propagate equatorward
in the winter and poleward in the summer. During summer, nocturnal MSTIDs
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propagate southwest in the northern hemisphere and northeast in the southern
hemisphere (Pimenta et al., 2008; Otsuka et al., 2013).

MSTIDs can be caused by natural processes such as geomagnetic storms, auroral
phenomena, tsunamis, tropospheric turbulence and jet currents, severe earthquakes,
volcanic eruptions, the solar terminator, vortices, cold fronts, deep convective plume,
and artificial nuclear explosions (Hines, 1960; Richmond, 1978; Hunsucker, 1982;
Hocke and Schlegel, 1996; Wan et al., 1998; Boska and Sauli, 2001; Afraimovich et
al., 2003,2009b, references therein). MSTIDs are more vulnerable to neutral winds
compared to LSTIDs with longer periods and faster propagation velocities. Chum
et al. (2012) reported that MSTIDs have higher speeds in winter than in summer.
Fukushima et al. (2012) found that decreasing solar activity led to an increase in
the average horizontal wavelength of nocturnal MSTIDs.

Sindelarova et al. (2012) found that MSTIDs (those lasting less than 30 minutes) are
independent of geomagnetic activity. During moderate magnetic storms, MSTIDs
lasting 30-50 minutes are more common, according to the study. Ding et al. (2014)
conducted a comprehensive study in China and discovered that the number of
MSTIDs increases with geomagnetic activity and their preferred orientation is
equatorward.

3.8 Conclusion

The formation mechanism and characteristics of AGWs and TIDs at different
regions are discussed. Discussion on ionospheric response and dispersion relation
was given. The chapter also briefly explains how TIDs dissipate energy. Lastly, a
short introduction on classes of TIDs is given.
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Chapter 4: Data Sources and
Methodology

This chapter outlines the data sources and research methods used for this thesis. A
basic introduction to GPS and its segments is provided, as well as an explanation
of how TEC is calculated from GPS measurements. It also gives the methodology
used to estimate the characteristics of TID activity.

4.1 GPS Overview

A GPS satellite is a spacecraft that orbits the Earth at a 55-degree inclination
(Misra and Enge, 2006). Satellites are instruments that are deliberately deployed
in space to orbit the Earth or another large object in the solar system. They can
be placed in space for a variety of reasons, including the fact that satellites are the
fastest devices capable of providing accurate information anywhere on the planet
24 hours a day.

GPS was developed by the US Department of Defence (DoD) (Hofmann-Wellenhof
et al., 1992). It is the most prominent satellite constellation in the global navigation
satellite system (GNSS). Other satellite systems related with GNSS include BeiDou,
Galileo, GLONASS, Navigation Indian Constellation, and Quasi-Zenith (gps.gov,
2017c). GNSS aims to estimate factors such as position, velocity, and time
(Misra and Enge, 2006). GPS relies on radio waves from satellites orbiting the
Earth at around 20,000 km altitude (Hofmann-Wellenhof et al., 1992). The DoD
offers two GPS access methods: SPS (standard positioning service) and PPS
(precision positioning service). The SPS is open to civilian users, while the PPS is
only accessible to approved DoD users (Misra and Enge, 2006). It employs the
precision code (P-code), which is one of the transmitted GPS codes. The PPS
has an estimated location accuracy of 16 m horizontally and 23 m vertically (95%
confidence level) (Farrell and Barth, 1999; El-Rabbany, 2002). SPS performs less
accurately than PPS. SPS is a coarse acquisition (C/A) code-only location and
timing service that is freely provided to all GPS users worldwide. This level of
service is delivered via the L1 frequency, which comprises C/A codes and navigation
data messages (Farrell and Barth, 1999). Initially, SPS had a positioning accuracy
of 100 m for horizontal components and 156 m for vertical components (95%
confidence level) (El-Rabbany, 2002; Mosavi, 2013).
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According to Hofmann Wellenhof et al. (1992), GPS operates in three segments
namely space, control, and user segments.

Figure 4.1: Overview of the GPS segment, space segment and user segment (El-
Rabany, 2002).

4.1.1 Space segment

The space segment includes at least 24 satellites (Kumar and Moore, 2002; Misra
and Enge, 2006). GPS satellites transmit a signal that includes two sine waves,
digital codes, and navigation message components (El-Rabany, 2002; Kumar and
Moore, 2002). The carrier receives code and navigation signals via binary two-phase
modulation. Carriers and codes indicate the distance between a user's receiver
and GPS satellites. Navigation messages often comprise satellite coordinates and
time-based information. Satellites use a high-precision atomic clock to govern
transmitted signals (Hofmann-Wellenhof et al., 1992; Ferguson, 1997; El-Rabbany,
2002). Satellites send communications at three frequencies: L1 (1575.42 MHz),
L2 (1227.60 MHz), and L5 (1176.45 MHz). These frequencies are calculated by
multiplying the fundamental L-band frequency of 10.23 MHz by 154, 120, and
115 (Misra and Enge, 2006). Each transmission includes a carrier, range code,
and navigation data. Misra and Enge (2006) define a carrier as a sinusoidal signal
with frequency L1, L2, or L5. The range code, also known as pseudo-random
noise (PRN) codes, allows satellites to transmit at the same frequency without
interference. PRN codes for SPS are referred to as coarse/acquisition (C/A)
codes, whereas those for PPS are referred to as precision (P(Y)) codes (Misra
and Enge, 2006). Navigation data includes information on the satellite's position,
velocity, health status, and clock bias parameters (Hofmann-Wellenhof et al., 1992;
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Misra and Enge, 2006). Satellites include four atomic clocks and broadcast radio
signals with transmission times (Ferguson, 1997). Figure 4.2 shows the satellite
constellation. Each satellite orbits the Earth twice daily (Hofmann-Wellenhof et
al., 1992; El-Rabbany, 2002; Misra and Enge, 2006; Leick et al., 2015).

Figure 4.2: GPS constellation (https://www.gps.gov/systems/qps/).

4.1.2 Control Segment

The control segment consists of a global network of ground-based control stations.
The Master Control Station is located at the United States Air Force Base in
Colorado (Misra and Enge, 2006). The control segment tracks and updates
navigation messages for satellites (Ferguson, 1997). Furthermore, it anticipates
satellite clock parameters, velocity, and location, as well as maintaining their health
(Hofmann-Wellenhof et al., 1992; Misra and Enge, 2006). Figure 4.3 depicts the
GPS control segment's position. There is a master control station, an alternative
master control station, 11 command and control antennas, and 16 monitoring
locations. GPS satellite signals are received through the antenna and decoded by
the receiver processor. The receiver processor provides precise location, speed, and
time information (Hofmann-Wellenhof et al., 1992; El-Rabbany, 2002; Mulla et al.,
2015).

4.1.3 User Segment

The user segment comprises devices capable of receiving GPS signals. These re-
ceivers have satellite-synchronized clocks. Each receiver provides a reference signal,
similar to the one received from the satellite. The receiver compares the reference
signal to the satellite-generated signal to estimate the range between them. This
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can be done in two ways: multiplying the received signal's transit time by the speed
of light or calculating the phase difference between the reference and received signal
(Hofmann-Wellenhof et al., 1992). However, because of improper synchronization
between receiver and satellite clocks, the range is known as pseudorange (Misra
and Enge, 2006).

Figure 4.3: Global network of ground facilities that track the GPS satellites
(GPS.gov: Control Segment).

4.2 GPS Signal

GPS satellites use atomic clocks made of caesium or rubidium to provide time
information for signals they broadcast. Satellite clocks provide internal clock
correction (Farrell and Barth, 1999). GPS satellites communicate constantly via
two L-band radio frequencies, Link 1 (L1) and Link 2 (L2) (Kumar and Moore,
2002; Misra and Enge, 2006; Mulla et al., 2015; Xu and Xu, 2016). The L band has
frequencies ranging from 1 GHz to 2 GHz. The two carrier frequencies are created
at f; = 1575.42 MHz (L1) and f; = 1227.60 MHz (L2) (Saito et al., 1998; Farrell
and Barth, 1999; El-Rabbany, 2002; Mulla et al., 2015). These two frequencies
emanate from the fundamental frequency f, = 10.23 MHz:

f, = 154.f, = 1575.42 MHz,
f, = 120.f, = 1227.60 MHz, 4.1

Satellites combine binary phase-shift keying (BPSK) with C/A and P-code PRN
codes to modify their L1 signals (El-Rabbany, 2002; Misra and Enge, 2006). The
C/A code is modulated only on the L1 carrier. Satellites have unique C/A PRN
codes that are approximately orthogonal to one another. The L2 signal of each is
solely modified by P-code (Ferguson, 1997; Farrell and Barth, 1999). P-code is a
lengthy 10.23 MHz PRN code. Anti-spoofing mode involves encrypting the P-code
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into the Y-code (Farrell and Barth, 1999; El-Rabbany, 2002). The encrypted
Y-code can only be accessed by authorized individuals with the encryption key.
According to Farrell and Barth (1999) and Misra and Enge (2006), anti-spoofing
modules should be organized by receiver channel. The navigation message is
modulated using both L1 and L2 carriers. Navigation messages are 50 bps signals
that the GPS receiver decodes to determine satellite orbits, clock corrections, and
other system characteristics (Farrell and Barth, 1999).

4.3 Pseudorange Measurement

The pseudorange is an approximation of the distance between a GPS receiver
and a GPS satellite. GPS signal transmission time between satellite and receiver
antenna is used to calculate distance (Farrell and Barth, 1999; El-Rabbany, 2002;
Misra and Enge, 2006). The symbols ¢, and ¢, in Equation 4.2 represent the
states of the satellite clock during transmission and the receiver clock during signal
receipt. The clock delay relative to GPS system time is represented by d, and
0,. The discrepancy in clock readings represents the time-shifted At, which aligns
satellite and reference signals throughout the receiver's code correlation process
(Hofmann-Wellenhof et al., 1992). Thus,

At = t, —t, = [t,(GPS) — §,] — [t,(GPS) — §,] =
t,(GPS) — t,(GPS) — 6, + 4, 4.2

At(GPS) = t.(GPS) - t;(GPS), while A§ = & - §,. The satellite clock bias, ds, can
be represented by a polynomial, with coefficients transmitted in the first subframe
of the navigation message. If §, corrections are done, Ad equals the negative
receiver clock delay (Hofmann-Wellenhof et al. (1992)). Multiply equation 4.2 by
the speed of light (¢ = 3 x 10 ® m/s) to calculate the pseudorange (R).

R = cAt(GPS) + cAd, 4.3

The TEC can be calculated using GPS pseudorange measurements. Gao et al.
(2002), Choi et al. (2011), Sabzehee et al. (2018) use pseudorange measurements
(Py and Py) at L1 and L2 to express

Py = p+c(dt —dT) + dory + dirop + It + by — Byy +€(Pr) 4.4

Py = p+c(dt —dT) + dory + dirop + Iz + by — By + € (P2) 4.5

p

In Equations 4.4 and 4.5, p, ¢, dy, dr, dyuop and doy, represents the true geometric
range (m) between the receiver and satellite, the speed of light (m/s), the satellite
clock error with respect to GPS time (s), the receiver clock error with respect to
GPS time (s), the tropospheric error (m), and the orbital error. I; and I, are the
pseudorange ionospheric delays (m) at L1 and L2, respectively. b®,; and b®,, are
the pseudorange satellite delays (m) at L1 and L2, respectively. B",; and B",
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are the pseudorange receiver delays (m) at L1 and L2, respectively. ¢ (P;) and
€(P;) are the pseudorange measurements noises, including multipath errors (m).
Pseudorange measurements remove geometric range, orbital error, clock errors,
and tropospheric delay, resulting in a geometry-free linear combination by ignoring
thermal noise and multipath errors and removing them from Equations 4.4 and
4.5, i.e.

Py—Py = L= I+ (b5, — b3y )+(Bp, — By ) = [+b3+ By, 4.6
The equation b, = b°,5 - b°,; represents the differential satellite delay, B"), = B"p»
- B",; is the differential receiver delay between frequencies L1 and L2, and [ =

I; - I, gives the ionosphere delay. Hofmann-Wellenhof et al. (1992) define the
ionosphere delay as

I= %TEC, 4.7

where 40.30 is the constant coefficient. Substitute equation 4.7 into equation 4.6
to yield:

Py— P =403TEC (§ — £ ) + b5 + By, P

Solving the TEC for pseudorange data at two frequencies produces

TEC = 5 (#5) (R - P) - (b + B))] 4.9

Then, the expression of TEC obtained from the pseudorange measurements is

TEC = 9.524[(P, — Pr) — (b + By)] 4.10

By neglecting the bias term from the equation, TEC can be represented in TECU
units:

TEC = 9.524[(P, — Py)], 411

1 TECU is equal to 10' electrons/m?. According to Araujo-Pradere (2005), code
pseudorange measurements provide unambiguous but noisy and imprecise TEC
results.

4.4 Carrier Phase Measurement

The carrier phase refers to the phase difference between the internal oscillator
of the receiver and the satellite's signal (Hofmann-Wellenhof et al., 1992; Farrell
and Barth, 1999; El-Rabbany, 2002; Misra and Enge, 2006). The phase refers to
the unit of the cycle for a whole carrier wave. The range of a signal is calculated
by changing the receiver's phase to match the received phase, multiplied by the
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carrier wavelength (El-Rabbany, 2002; Misra and Enge, 2006). This includes both
full and partial carrier cycles. Electronics can accurately determine the fractional
carrier phase to within 1% of the wavelength, equivalent to millimeter precision
(Xu and Xu, 2016). This explains why phase measurements are more accurate than
code pseudorange. Because of the uncertainty of the first carrier phase, the total
number of complete carrier cycles between the receiver and the satellite cannot be
determined (Hofmann-Wellenhof et al., 1992; El-Rabbany, 2002; Xu and Xu, 2016).
Thus, measuring the carrier phase is equivalent to counting both the entire carrier
waves and the received fractional phase (El-Rabbany, 2002; Misra and Enge, 2006;
Xu and Xu, 2016). According to (Gao et al., 2002; Choi et al., 2011; Sabzehee et
al., 2018), the measured carrier phase at L1 and L2 frequencies can be expressed as

¢1 = pAc(dt —dT) +dopy+ dirop + M N1 — L + 05, — Bl +-€(¢1),  4.12

G2 = ptc(dt —dT) +dory + dirop+ A2 No — I+ b5y — By +¢ (¢2) 4.13

In Equations 4.12 and 4.13, A\; and A, are carrier signal wavelengths at L1 and L2
frequencies, N; and N, are integer ambiguities, /; and I are ionospheric delays, b3,
and b3, are satellite delays or interfrequency biases (m), Bj, and Bg, are carrier
phase receiver delays (m), and €(¢;) and €(¢9) are carrier phase measurement noises
with multipath errors. The TEC can be calculated from carrier phase observations
using the same equation as for code pseudo range measurements.

TEC = L (ff_ff) (62— ¢0) — (b + By)]. 4.14

Thus, the expression of TEC obtained from the carrier phase measurements is

TEC = 9.524[(¢ — 1) — (b + By)] . 415

Solving for a TEC' value free of ambiguity and biases yields
TEC = 9.524 (¢ — ¢1)], 416

which is precise (Araujo-Pradere, 2005).
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Figure 4.4: A schematic illustration of the system of orthogonal axes (Davies,
1990).

4.5 The effect of the Ionosphere on GPS

Signals generated by GPS satellites travel through the ionosphere to the GPS
receiver. According to Misra and Enge (2006), these signals are assumed to travel
through the ionosphere at the speed of light. GPS signals bend as they travel
through the ionosphere, following Fermat's principle. According to Hofmann-
Wellenhof et al. (1992), Fermat's principle states that GPS signals, radio waves,
or light waves take the shortest path between two points. Appleton Lassen's
equation describes how radio waves propagate in the ionosphere based on the
Earth's magnetic field (Rishbeth and Garriott, 1969). According to Rishbeth
and Garriott (1969), the refractive index n can be expressed using the following
equation:
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n?=1-— X(1-X) 4.17
(1-X)—3V2£[1V24+(1-X)2V7] ’

[N

The equation above is also known as the Appleton-Hartree formula (Zolesi and
Cander, 2014), where,

X: N.e? :i%

Mew?eq w?
YL:%:%7
YT_je\/[BEZ;7
Z=2,

Where the variables are as such:

B: the geomagnetic field strength,

N,: electron density,

e: electron charge (-1.602 x 10! C),

€0 : the electric permittivity of free space (8.854 x 102 Fm™),
M, : electron mass (9.11 x 10 kg),

w: angular wave frequency,

w, : angular plasma frequency, and

v: electron collision frequency with heavy particles,

Y, = Y cos @ and Yy = Y sin 0, where, as schematically shown in Figure 4.4
(Rishbeth and Garriott, 1969; Davies, 1990), the two subscripts L and T stand for
the longitudinal and transverse components of the imposed magnetic field, and
0 is the angle between the direction of propagation of the radio waves and the
Earth's magnetic field. The system of orthogonal axes is schematically illustrated
in Figure 4.4 (Davies, 1990). Extra-ordinary waves are denoted by a negative sign
and ordinary waves by a plus sign (Rishbeth and Garriott, 1969). Neglecting both
collision and magnetic field effects, equation 4.17 can be simplified to

n?=1-X0 =1 X, 4.18

After expanding equation 4.18, the solution yields

1(1_
n=1_1xyz2 2, 4.19

2 2!

Since the higher order powers often contribute far less than the first order term at
higher frequencies in the ionosphere, they are disregarded. The approximation for
the refractive index is:
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Nl_lel_l‘Lz% 4.20
n~ 2 202 :

where,

w?) =2nf,, w?=2nf, 4.21

fp is the plasma frequency (Hz), while f is the signal carrier frequency (Hz).
Substituting 4.21 into equation 4.20 to obtain

~ 1(2nfp\2 _ 177
nel-3(5k) =1-1% 4.22
Rishbeth and Garriott (1969) defined plasma frequency as
fy = e 1.23
and then, substituting the relevant constants in 4.23 yields
0 (~1.602x10-1° C)° B
fp T 4r2(9.11x10-31 kg)(8.854x10~12 Fm—l)Ne = 80.594N, 424
Equation 4.22 can be substituted for equation 4.24 to obtain
ne ] — %80.5;324% ’
ng A 1 — 20 4.25

Therefore, the phase refractive index is used to express the group refractive index
as follows (Hofmann-Wellenhof et al., 1992).

ng =ng + f o2, 4.26

When the phase refractive index is differentiated, it results in

dngy = %df, 4.27
To obtain the group refractive index, substitute equations 4.25 and 4.27 into
equation 4.26.

ng =1+ 50, 4.28

Consequently, the wave's group velocity and phase are given as

— C
V¢ = {_m0sNe >
sz
/Ug — 10.3Ne 4.29
1+7f2
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GPS satellite signals travel through the ionosphere to reach the GPS receiver.
GPS signals take longer to reach a receiver from a satellite (7) due to the non-
uniform composition of the ionosphere compared to passing through a vacuum (1)
(Hofmann-Wellenhof et al., 1992; Misra and Enge, 2006). The ionospheric time
delay is defined as the difference between these times (A7 = 7 — 75). The radio
signal's propagation time from satellite to receiver is calculated by incorporating
the refraction profile index throughout the journey (Misra and Enge, 2006).

7= Ln(l) d, 4.30

In Equation 4.30, n(l) represents the medium's refractive index, ¢ is the speed of
light in vacuum, S is the satellite, and R is the receiver. If the ionosphere behaves
like a vacuum, signal travel time is

70 = <1 dl, 4.31

An expression for excessive delay in signal propagation owing to refraction can be
stated as:

At = 2[n(l) — 1] dl, 4.32

whereas the following represents the corresponding path length delay:

Ap = Ln(l)—1] dl, 4.33

Equation 4.31 can be substituted into equations 4.32 and 4.33 to obtain the excess
phase delay (in seconds) that a signal experiences while traveling through the
ionosphere that is expressed as

Aty =—10250 g1 = ~42TEC,

Iy = cAry = —293TEC, 4.34

In a similar manner, group delay is stated as follows in both seconds and meters:

ATy = %TEC’,
I, = %TEC, 4.35

TEC, as described by (Hofmann-Wellenhof et al., 1992; Misra and Enge, 2006), is
the total number of electrons integrated along the path from the receiver to each
GPS satellite. TEC can be expressed mathematically as

TEC = N, dI, 4.36

where N, represents electron density (Hofmann-Wellenhof et al., 1992; Araujo-
Pradere, 2005; Misra and Enge, 2006). Hofmann-Wellenhof et al. (1992) described
TEC as an indicator of ionospheric fluctuation, derived from free electron modified
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GPS signals. The Slant Total Electron Content (STEC) refers to the TEC measured
along the satellite-receiver signal path. STEC is determined by the ray path
geometry across the ionosphere, resulting in an equivalent vertical value of TEC
(VTEC) that is not affected by ray path elevation (Hofmann-Wellenhof et al., 1992;
Silwal et al., 2021). VTEC values are attained if a satellite passed directly overhead
a specific geographic location. To do this, assume the ionosphere is a thin shell at
350 km altitude, as depicted in Figure 4.5 (Klobuchar, 1986; Seemala, 2023). The
ionospheric pierce point (IPP) refers to the estimated geographic place where the
line of sight intersects the shell.

Figure 4.5 depicts the projection of STEC from the satellite line of sight onto
VTEC at the ionospheric piercing point (IPP). According to (Hofmann-Wellenhof
et al., 1992), the IPP is the point where the GPS signal meets the ionospheric shell.
According to (Hofmann-Wellenhof et al., 1992); Silwal et al., 2021), the process of
converting STEC to VTEC involves

VTEC = STEC x cos X , 4.37
Where

sin ¥ = Rgih cos 0 4.38
Hence,

VTEC = STEC x cos [( REthm) } , 4.39

Given that: Rg, x, x’, hn is the Earth's radius; which is about 6,371 km, the
satellite's elevation angle (degrees), the zenith angle (degrees), and the expected
ionosphere height respectively.

\ surface

Sub4onospheric
point
Re \

Figure 4.5: The VTEC value obtained from STEC (Silwal et al., 2021).
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4.6 GPS Data Processing

Figure 4.6: GNSS receiver stations (red dots) (https://igs.org/). Some receiver
stations are not shown as they were obtained from different data sources

TEC data from the African-European sector was obtained using Global Navi-
gation Satellite Systems (GNSS). The University NAVSTAR Consortium (UN-
AVCO: www.unavco.org/), the International GNSS Service (IGS) network
(https://igs.org/), and South Africa’s Trignet (ftp://ftp.trignet.co.za/) were the
sources of the GNSS data. Figure 4.6 depicts the geographical position of GNSS
stations, which are largely within the IGS network. The GNSS data was collected
over the African-European sectors within the longitudinal range of 20-40° E. VTEC
was derived from receiver independent exchange records using the GPS TEC soft-
ware created at Boston College (Seemala and Valladares, 2011; Uwamahoro et al.,
2018; Seemala, 2023). The program determines the phase and code TEC values,
as well as the azimuth and elevation of the appropriate satellite, by reading the
raw GPS data from the RINEX files (Uwamahoro et al., 2018). This software
makes use of receiver biases that are determined by minimizing the TEC variation
between 02:00 and 06:00 LT and differential satellite biases that are released by the
University of Bern (Seemala and Valladares, 2011; Uwamahoro et al., 2018). The
equivalent VTEC is computed at an IPP height of 350 km, assuming a thin shell
model (Uwamahoro et al., 2018). Only TEC values corresponding to elevation
angles over 20° were used during data processing in order to minimize the impacts
of multipath (Habarulema et al., 2018; Uwamahoro et al., 2018). Figure 4.7 shows
estimation of dTEC using a Savitzky-Golay algorithm for all PRNs over Aliwal
North station (30.68° S, 26.72°E), South Africa on 13 March 2014. Figure 4.7a)
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illustrates original VTEC data and the Savitzky-Golay algorithm of VITEC values.
Figure 4.7b) displays the filtered VTEC time series, indicated by dTEC, which
was derived by subtracting the Savitzky-Golay algorithm TEC from the original
time series.

Figure 4.7: Estimation of dVTEC using a Savitzky-Golay algorithm for all PRNs
over Aliwal North station (30.68° S, 26.72°E), South Africa on 13 March 2014.

4.7 Methodology

Two methods were utilized to ascertain the propagation characteristics of TID
activity, which is observed by a period of enhancement and depletion of dTEC:
the method of linear regression was employed for estimating velocities, and the
continuous wavelet transform was utilized to determine periods. The method of
linear regression for the determination of the velocity of TID activity are based on
information presented in (Liu et al., 2019; Thaganyana et al., 2022).

4.7.1 dTEC Maps

GPS receiver-derived VITEC measurements contain a diurnal trend. Figure 4.7
shows the VTEC measurement taken by a receiver station at Aliwal North station
(30.68° S, 26.72°E), South Africa on March 13, 2014. This random date was chosen
to demonstrate normal diurnal TEC variation and data processing followed for
identifying TID activity features. To minimize multipath effects, satellite data
below an elevation angle of 20 ° was eliminated. To identify other patterns in
VTEC measurements, Savitzky-Golay algorithm were used to remove the prominent
diurnal trend (Osie-Poku et al., 2021). Figure 4.8a) illustrates the Savitzky-Golay
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algorithm of VTEC values from a single GPS satellite (PRN 31). Figure 4.8b)
displays the filtered VTEC time series, indicated by dTEC, which was derived
by subtracting the Savitzky-Golay Algorithm TEC from the original time series.
Figures 4.8a) and 4.8b) clearly show wave structures (periodic oscillations) between
01:00 and 05:00 UT.

Figure 4.8: Estimation of dTEC by means of a Savitzky-Golay algorithm for one
PRN over Aliwal North station (30.68° S, 26.72°E), South Africa on 13 March
2014.

VTI(t) iy =by . P + by L+ by it + by
ti,jg ,

dTEC = VTEC, — vT/(t), 4.40

where VTEC, is the observed VTEC, vT¥(t) is the VTEC obtained from the fitting
model and dTEC is the detrended TEC. where j = 1, 2, 3, ..., 32 represent
the number of satellites; i = 1, 2, 3, ..., 1404 is the number of GNSS receiver
locations, p is the polynomial order. vTfis the expanded form of the Savitzky-Golay
algorithm.

Figure 4.8 shows how the same approach was used to estimate dTEC throughout
the day using all PRNs from the Aliwal North Station. The same approach was
used to calculate dTEC for data from various stations. Using estimated dTEC, a
two-dimensional (2d) map of dTEC can be created based on the time and latitude
of a particular day. The 2d map was created by binning the dTEC data into 5 min
x 1° (time and latitude) intervals. The diurnal TEC maps for chosen latitudinal
ranges were generated within a 20° longitudinal sector (Habarulema et al., 2022;
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Thaganyana et al., 2022).

Figure 4.9 depicts 2d dTEC map over the African-European longitude sector on
10 April 2015 within the longitudinal range of 20°-40°E and latitudinal range of
40°S-60°N. The GNSS receiver network is not available at 20 N and 10° S, resulting
in data gaps (white spaces). Figure 4.9 shows how dotted lines are utilized to
match the TID activity structure and calculate velocities. Figures 4.9 also show
the estimated geomagnetic equator at 10° N (Habarulema et al., 2018), represented
by horizontal black line. The fitted data points on the dTEC maps in Figure 4.9
contains longitude, latitude and time. In order to calculate the azimuth angle,
longitude and latitude are needed. The propagating azimuth angle of TIDs were
estimated by means of these fitted data points (Thaganyana et al., 2022).

We observe equatorward TIDs in Figures 4.9; between 60° N - 40° S and the time
interval of 8 -10 UT, between 40° N - 28° °S and the time interval of 1 -2 UT
, a poleward TID between 10° N - 10° S and the time interval of 6 -8 UT and
equatorward TID between 20° S - 40° S and the time interval of 10 -12 UT with
the speed of 425 m/s, 354 m/s, 349 m/s and 302 m/s respectively and periods
of 80 min, 80 min, 111 min and 177 min with the azimuth angle of 122°, 123°,
122° and 33°. The figure demonstrates the linear regression method using dTEC
(time and latitude) maps. The linear regression method is used to fit maximum
dTEC within a bin interval of 1 degree latitude and 10 minutes range. Keeping the
interval constant, the time was increased by 10 minutes. The black dots represent
the maximum dTEC values for each latitude-time bin. The latitude data were
converted to distance (km) to calculate the meridional speed. The TIDs' meridional
velocity was calculated based on the gradient of fitted lines.

Figure 4.9: Cases of equatorward medium-scale TIDs which appear to have origi-
nated from the mid-latitudes during quiet conditions on 10 April 2015.

The average speed, period, azimuth angle of TID activity in the northern hemisphere
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was 390 m/s, 80 min, and 122°. The fitted data points on the TEC maps in Figures
4.9 include longitude, latitude, and time. The estimates of the propagation azimuth
of TID activity were 32.55° (clockwise from north) and 122.4° (clockwise from north)
in the southern hemisphere and northern hemispheres, respectively. Multiplying
the period and speed of TID activity yields the wavelength.

The horizontal phase speed (cy) was calculated as follows (Vadas and Becker,
2018):

cyg = —1—, 4.41

1
Z7
x

o
@m"—‘

where ¢, and c, represent the TID's phase velocities in the x and y directions,
respectively.
Then the following formula was used:

S

T

Cpr =

okl

¢, = 4.42

‘

where k and 1 denote the zonal and meridional wavenumbers that can be determined
using the equations below:

k= kg xsin (¢) ,
l = kg x cos (@) , 4.43

Equation 4.41 can be expressed in terms of meridional propagation velocity and
azimuth, where ky = 27 /Ay represents the horizontal wavenumber, ¢ is the azimuth
(clockwise from north), and Ag is the horizontal wavelength. Then equation 4.40
becomes:

= —— 4.44
" (1+(tan(6))2)

The equation shown above was used to determine cy. The computed cy values for
the northern hemisphere and southern hemisphere were 182.20 m/s and 254.34
m/s, respectively.

4.7.2 Continuous Wavelet Analysis

The technique known as continuous wavelet transform (CWT) breaks down a
time series into frequency-time domain. Convolution using a scaled wavelet is the
method used to accomplish this (Torrence and Compo, 1998). A real or complex
wavelet (¢(t)) is a function that fulfils

Y(t) =0, 4.45

and has temporal and frequency localization (Farge, 1992). A mother wavelet
is one such wavelet that can be translated in time and dilated, or stretched or
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shrunken (Torrence and Compo, 1998). 1, becomes 1, » (t) when the dilation and
translation parameters (s and 7 ) are applied.

Vsr(t) = 20 (57), 1.46

where 7 is a location parameter that moves the wavelet along the time domain, s
is the scaling parameter that represents the frequency, and t is the time (Mallat,
1999). A CWT of a time series, x(t), with regard to the wavelet function, ¢ (t), is
known as a convolution integral.
CWT(s,7) = (t))*(t) dt = Za(t)y* (57) dt, 4.47

Mallat (1999) defines ¢*(t) as the complex conjugate of the investigated wavelet
function ¥(t).

Morlet, the mother wavelet, was used to transform time data into frequency-time
space. Figure 4.10 shows an example of a Morlet wavelet. The chosen shape

resembles various geophysical parameter features (Torrence and Compo, 1998;
Materassi and Mitchell, 2007; Katamzi et al., 2012; Habarulema et al., 2013).

Figure 4.10: An example of Morlet wavelet.
The definition of a Morlet wavelet is

Wo(t) = mielote= /2, 4.48

To meet the admissibility criterion (Farge, 1992), the non-dimensional fre-
quency wp is set to 6 and t denotes time. This method has been used
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to analyze the amplitudes and periods of TID activity in GNSS TEC data
(Katamzi et al., 2012; Habarulema et al., 2013). Farge (1992), Torrence and
Compo (1998), Materassi and Mitchell (2007) provide additional details on
wavelets and their uses. Figure 4.11 (a) shows the dTEC perturbations for
latitudes 50° £+ 0.5° N, longitudinal sector of 20° -40° E in the northern hemi-
sphere. The dTEC perturbations have been extracted from the dTEC map.

Figure 4.11a): The dVTEC perturbations for latitudes 50° + 0.5° N

Figure 4.11: Power spectrum of wavelet transform over African-FEuropean sector
computed for 50° N

Wave modes propagate for approximately 80 minutes.

To estimate the wavelength of the TID activity, we used well-known formulas
(Alonso and Finn, 1967):

4.49

And
4.50

4.8 Summary
This chapter outlined the research methods and data sources used in this thesis. A

basic introduction of GPS and its segments is provided, as well as a discussion of
how TEC is calculated from GPS data. The chapter also outlined techniques for
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identifying and characterizing TID activity. Signal analysis methods include CWT
and linear regression. The findings and discussion are presented in the following
chapter.
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Chapter 5: Results and Discussion

This chapter discusses the statistical analysis of observations of poleward TID activ-
ity of equatorial origin and equatorward TID activity of high latitude region origin
over the African-European sector during geomagnetically disturbed conditions
between 2006 and 2022. Our method detected 196 TID activities propagating over
the African-European sectors within the longitudinal range of 20-40° E between the
period of 2006 and 2022. Of these TID activities, 161 and 33 were observed during
geomagnetic storms, and simultaneous occurrence of geomagnetic storms and solar
flares, respectively. The criterion for geomagnetically disturbed conditions were
Dst < -30 nT. Days of geomagnetic storm activity from 2006-2022 can be found
on these websites: https://www.sidc.be/cactus/catalog/LASCO/250/cmelz.txt
and https://cdaw.gsfc.nasa.gov/CME_list/. TEC data from GNSS was utilized
to determine TID activity.

5.1 Example of TID Activities during disturbed conditions

The storm known as St Patrick’s day was selected randomly and used to show and
discuss the identification of equatorward TID activity before moving on to statistics.
Data for African-European sector was considered within latitudes 40° S-60° N and
20 °-40 ° E. The meridional propagation velocity, period, and wavelength of the
TID activities have been determined using the methods described in Section 4.4.

The storm on March 17, 2015, was generated by a coronal mass ejection (CME)
that hit the Earth's magnetosphere around 0445 UT. Other sources have provided
interplanetary and geomagnetic activity indices for the 17 March 2015 storm (e.g.,
Astafyeva et al., 2015; Ramsingh et al., 2015; Borries et al., 2016; Fagundes et
al., 2016; Kuai et al., 2016; Nava et al., 2016; Zakharenkova et al., 2016). Figure
5.1 shows variations in solar wind velocity, Vsw (kilometers per second, km/s),
and Bz component of the interplanetary magnetic field, IMF Bz (nanoTeslas, nT),
Dst (nT) index, auroral electrojet (AE) index. The AE and Dst indices were
obtained from (http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html). Other indeces were
obtained from OMNI Data. The Vsw increased from roughly 400 km/s to 500
km/s during the sudden storm commencement (SSC). Simultaneously, the IMF Bz
turned north, reaching around 26 n'T at 0523 UT before temporarily reverting south.
Bz fluctuated between north and south until ~ 1146 UT, when it stayed south
for over 12 hours (except for a small northward shift at ~1337 UT) (Astafyeva
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et al., 2015; Borries et al., 2016; Fagundes et al., 2016; Kuai et al., 2016; Nava
et al., 2016; Ramsingh et al., 2015; Zakharenkova et al., 2016). “Following the
SSC, the AE index gradually increased before decreasing at approximately 1200
UT on March 17, 2015. During the main phase, it increased significantly, reaching
a peak of 2298 nT at 1358 UT. The Dst index decreased to -223 n'T at 2247 UT
on March 17, 2015, following a minimal of -87 nT at 0937 UT the previous day”
(Habarulema et al., 2018).
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Figure 5.1: Geomagnetic conditions for 17-21 March 2015.
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Figure 5.2: Variation of dTEC (TECU) over Africa-European sector on March 17,
2015

Figure 5.2 depicts dTEC as a function of latitude and time on March 17, 2015,
within the latitude and longitude ranges of 40 © S-60 ° N and 20 °-40 ° E, respectively.
Figure 5.2 shows that a TID structure emerged in the northern hemisphere between
14:00 and 16:00 UT on the day of the storm's main phase. To determine a TID
activity, each identified TID track is fitted as demonstrated in Figure 5.2 (starting
at around 1400 UT). The estimated velocities are then averaged to obtain the
velocity value of the TID activity on a given day. The velocity was 419.35 +
9.1 m/s, and the period was 55 + 8 minutes. Borries et al. (2016) estimated
the characteristics wavelength: ~2100 km, period: ~60 min, and speed ~600
m/s, which statistically agrees with presented results. Many studies have found
a correlation between AE and LSTID parameters (Hajkowicz, 1999; Ding et al.,
2008; Borries et al., 2009).

Joule heating is hypothesized to cause high-latitude air surges and meridional wind
patterns (Fuller-Rowell et al., 2002; Richmond et al., 2003). This demonstrates
the impact of surges in auroral electrojets on LSTID formation. Joule heating is
thought to cause atmospheric surges at high latitudes as well as meridional winds.
The subsequent observation of a TEC enhancement with maximum amplitudes in
midlatitudes lends support to the notion of storm-induced thermospheric winds,
as uplifting effects caused by meridional winds are most powerful at midlatitudes
(Forster and Jakowski, 2000).

The source region of the LSTIDs is gradually shifting toward the equator. This
phenomenon is associated with polar cap region extension produced by plasmas-
phere compression (Borries et al, 2016; Belehaki et al, 2017). The heating effect in
the LSTIDs source region shows that Joule heating, rather than Lorentz force, is
more likely to produce LSTIDs (Tsugawa et al, 2004; Tsagouri et al, 2023; Borries
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et al, 2016).

Figure 5.3: Geomagnetic conditions for 8-12 April 2015.

Figure 5.3 provides geomagnetic and solar wind activity from April 9 to April 12,
2015. The storm started on April 9, 2015 and was generated by a CME that hit
the Earth's magnetosphere around 0145 UT. Figure 5.3 shows variations in Vsw,
Bz, AE indices. The AE and Dst indices were obtained at http://wdc.kugi.kyoto-
u.ac.jp/wdc/Sec3.html. Vsw increased from roughly 320 km/s to 460 km/s during
the SSC. During the SSC, the Bz turned north, reaching around 18 nT at 1253 UT
before reverting south. It stayed south for over 12 hours. After the SSC, the AE
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index gradually increased before decreasing to a minimum of 400 nT at around
1200 UT on April 9, 2015. During the main phase of the storm, AE index increased
significantly, reaching a peak of 1200 nT at 1045 UT. The Dst index decreased to
a new minimum of -83 nT at 1037 UT on April 11, 2015, following a minimum of
-60 nT at 0817 UT the previous day.

Figure 5.4: Variation of dTEC (TECU) over Africa-European sector on April 10,
2015.

Figure 5.4 is similar to Figure 5.2 but for 10 April 2015. Figure 5.4 shows that a TTD
structure evolved at the geomagnetic equator between 06:00 and 8:00 UT, while
another TID structure emerged in the Northern Hemisphere between 08:00 and
10:00 UT and between 10:00 and 12:00 UT in the southern hemisphere. The findings
for velocities and periods were 349.02 + 32.1 m/s and 117 + 2 min, respectively
for the TID from the equator. The propagation velocity of TID activity traveling
towards the equator was 340.04 m/s and 301.74 m/s in the northern hemisphere
and southern hemisphere, respectively, with the periods of these equatorward TID
activity being 80.4 min and 177 min in the northern hemisphere and southern
hemisphere, respectively.

It is well known that the prompt penetration electric fields (PPEFs) and disturbance
dynamo electric fields have an effect on the low-latitude electric field during
disturbed conditions (Fejer and Scherliess, 1998; Kikuchi et al., 2008; Bagiya et al.,
2011; Bagiya et al., 2014; Kikuchi and Hashimoto, 2016). The local day to dark
sector of the PPEFs is eastward, and the midnight to dawn sector is westward
(Fejer, 1991; Fejer, 1997; Fejer and Scherliess, 1998; Kikuchi et al., 2008). Over
the equatorial latitude, PPEFs cause an increase in AH ( vertical drift) during
the day and a decrease at night (Fejer, 1997; Fejer and Scherliess, 1998; Bagiya
et al., 2014). During the main phase of geomagnetic storms, PPEFs usually last
for an hour (Huang, 2013; Kuai et al., 2015), but during strong storms, they can
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last for 6-8 hours (Huang et al., 2005; Huang, 2013). The PPEFs are linked to
a southward IMF Bz and are the result of several processes related to the solar
wind and magnetosphere (Fejer and Scherliess, 1998; Kikuchi et al., 2008; Bagiya
et al., 2011, Bagiya et al., 2014; Kikuchi and Hashimoto, 2016). For conditions
responsible for launching poleward TIDs, neutral-to-ionized component coupling
becomes effective due to an increase in the Lorentz force caused by the increasing
eastward electric field (Chimonas, 1969; Habarulema et al., 2015; Habarulema et
al., 2016).

5.2 Statical Analysis

This section analyses poleward TIDs of equatorial origin and equatorward TID
activity over the African-European sectors during geomagnetically disturbed con-
ditions from 2006 to 2022. Poleward TIDs have received less attention than their
equatorward counterparts originating from high latitude regions, which are com-
monly observed during geomagnetic storms. Poleward TIDs during geomagnetic
storms have only lately attracted attention (Ding et al., 2013; Habarulema et al.,
2015; Habarulema et al., 2016; Jonah et al., 2018; Ngwira et al., 2019). Research
on poleward TIDs of equatorial origin during geomagnetic storms has been mostly
done on case-by-case (Ding et al., 2013; Habarulema et al., 2015; Habarulema et al.,
2016; Jonah et al., 2018; Ngwira et al., 2019). MSTIDs have periods and velocities
ranging from 15 to 60 minutes and 100 to 250 m/s, respectively (Hunsucker, 1982;
Kersley and Hughes, 1989). Most LSTIDs have periods ranging from 1 hour to 3
hours and velocities of 300-1,000 m/s, while some studies have reported periods
ranging from 30 minutes to three hours (Hunsucker, 1982; Hocke and Schlegel,
1996). Thus, while classifying MSTIDs and LSTIDs, there may be some "overlap"
in either period or velocity values. The study is done during geomagnetic storms
and during simultaneous occurrence of geomagnetic storms and solar flares and
it is well known that high solar activity periods exhibit higher occurrences of
geomagnetic storms. Since there is additional energy coming from the solar flare,
the study statistically investigates how simultaneous occurrence of geomagnetic
storms and solar flares affects TIDs as compared to the cases of geomagnetic storms
only. Furthermore, equatorward LSTIDs are launched from high latitudes during
geomagnetic storms. The analysis is done by separately presenting different TID
activities during main and recovery phases and in different hemispheres.

In this study, MSTIDs are considered to have period of 30 minutes- 1 hour and
velocities in the range 100-250 m/s. LSTIDs have periods and velocities in the
range of 1-3 hrs and 250-400 m/s, respectively.
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Figure 5.5: Occurrence of TID activities during geomagnetic storms between 2006-
2022.

Figure 5.5 represents the analysis of the occurrence of equatorward TID activity
and poleward TID activity during main and recovery phases of a geomagnetic storm.
The datasets have further been divided between LSTID and MSTID activities,
for both northern and southern hemispheres. The cyan bars are the Southern
Hemisphere LSTID activity. The blue bars with cross hatch are the Southern
Hemisphere MSTID activity. The yellow bars represent activity in the LSTID of
the Northern Hemisphere. The green bars with cross hatch represent Northern
Hemisphere MSTID activity. Figure 5.5(a) shows that during the main phase, the
Northern Hemisphere (NH) exhibits the largest activity of LSTIDs, with nearly
40 occurrences. Similar to the NH, the Southern Hemisphere (SH) also shows
intensive LSTID activities but at a relatively lower level, around 30 events in
total. That means the NH undergoes much more intensive and frequent large-scale
disturbances during this phase. The MSTIDs are weak during the main phase over
both hemispheres, less than 5 events in total. That means, large-scale disturbances
are the dominant ones during the main phase of a geomagnetic storm.

As the storm evolves into the recovery phase, the TID activity decreases in general;
however, hemispherical differences persist. The NH remains more active with
LSTID activity, but it reduces to around 20 occurrences, whereas the SH LSTID
activity decreases to about 15 occurrences. This decrease is indicative of large-scale
disturbances weakening now that the storm is waning, while the NH retains a larger
amount of this activity (Zhao, 2019; Guo, 2024). Notably, the activity of MSTID
increases slightly in both hemispheres during the recovery phase, represented by
a slight rise of events from the main phase. Figure 5.5 (b) shows that during
main phase of the storm the poleward TID activity is minimal with all occurrences
of TID activity below 5 thus making hemispheric differences hard to observe
or contextualize. However, during the recovery phase, hemispheric difference in
LSTID activity was observed, with the SH exhibiting nearly 12 LSTID activity, 10
more than the NH.
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Figure 5.6: TID Activities, during simultaneous occurrence of geomagnetic storms
and Solar flares between 2006-2022.

Figure 5.6 illustrates the activity of TIDs during the periods of simultaneous
occurrence of geomagnetic storms and solar flares. Figure 5.6(a) focuses on the
equatorward TID activity, while Figure 5.6(b) addresses the poleward TID activity
originating from the equator. TID activity is examined for different storm phases
and separately for the NH and SH and for LSTID activity and MSTID activity.
In Figure 5.6(a) during the main storm phase, the NH shows the largest LSTID
activity - about 10 events, while in the SH the activity is somewhat lower, about
4 events. MSTID activity is very low in both hemispheres during this phase. As
the storm transitions to the recovery phase, LSTID activity significantly declines
in both hemispheres, with the NH reporting about 3 events and the SH around 2
events. MSTID activity remains low but becomes more evenly distributed between
the hemispheres. This decline in LSTID activity from the main to the recovery
phase suggests that large-scale disturbances subside as the geomagnetic storm
weakens (Zhao, 2019; Guo, 2024).

Figure 5.6(b), which addresses the poleward TID activity of equatorial origin,
presents considerably lower activities in both phases of the storm compared to
the equatorward TID activity. During the main phase, both LSTID and MSTID
activities are minimal. Such a pattern may imply that poleward TID activity is
less affected by the geomagnetic storm compared to the equatorward TID activity.
During the recovery phase, poleward activity stays at a low level, with the slight
activity seen in the SH main phase becoming almost invisible. Such consistency
may again support that the poleward TIDs are less affected by the storm phases
in terms of large-scale propagation.

This indicates that geomagnetic storms have a more pronounced effect on the equa-
torward TID activity than on the poleward TID activity of equatorial origin. The
NH generally shows higher activity, especially during the main storm phase, which
may indicate possible hemispheric asymmetry in the generation and propagation
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of TIDs (Hajkowicz, 1990; Cnossen and Forster, 2016; Forster and Cnossen, 2013;
Laundal et al., 2016; Jonah et al, 2020; Wang et al, 2021). Jonah et al, (2020);
noticed an imbalance in which TEC increased in the SH but decreased in the NH
on two storm periods, 26-27 May 2017, and 24-25 August 2018. This finding
suggests that equatorial plasma fountain effects must be accompanied by consider-
able changes in thermospheric composition and/or accompanying thermospheric
neutral wind circulation. Furthermore, in both storm periods provided here, the
NH denotes the summer hemisphere and the SH denotes the winter hemisphere.
As a result, normal quiet conditions should yield plasma density levels that are
greater in the summer hemisphere at low latitudes. Equatorward LSTID activity
are dominant during storms, while poleward TID activity remains minimal.

Figure 5.7: Results of velocity and period analysis of TIDs during main and recovery
phases of geomagnetic storms.

Figure 5.7 shows the variation with Time (UT) of the relation between Speed
(m/s) and Period (hours) for the TID activity during the respective Main and
Recovery phases, distinguishing between poleward and equatorward. The poleward
TID activity during the main phase, Figure 5.7(a), varies in speed (blue dots)
considerably, including recorded data points as high as 400 m/s, but the periods
(red dots) are mainly concentrated within the range of 1 to 2 hours. Data points
that are distributed rather sparsely indicate increased variability in the disturbances
observed during this phase. In Figure 5.7(b) shows poleward TID activity during
recovery phase, the speed range is focused at 200 to 600 m/s, with periods consistent
at 1 to 2 hours, and data points are uniformly distributed throughout the day,

77



indicating continued activity in the TID.

In contrast, equatorward TID activity during the main phase, in Figure 5.7(c),
shows more scattered data points, indicating a higher occurrence rate or stronger
TID activity. The velocities have a wider spread, with more values reaching as
high as 800 m/s and the periods are centered between 1 to 3 hours. The velocity
distribution during the recovery phase of the equatorward activity, as shown in
Figure 5.7(d) bears some resemblance to that in poleward recovery, but there is a
marginal concentration within the range 200-400 m/s. The dominant durations
remain around 1-2 hours with sparser dispersion compared to the Main Phase.

On the whole, it can be seen that the Main Phase shows more variability in both
speed and period, being more dynamic and intensive TID activity, while during the
Recovery Phase this activity becomes more focused and stable. The equatorward
TID activity, especially in the Main Phase, attains higher speed and more frequent
appearance; hence, stronger disturbances could be inferred in this direction.

Figure 5.8: Results of the analysis of TIDs during main and recovery phases of
geomagnetic storms and solar flares.

Figure 5.8 shows four scatter plots of Speed (m/s) and Period (hours) against Time
(UT) for poleward and equatorward TID activities during the main and recovery
phases. Each plot has a dual y-axis, where speed is plotted in blue on the left axis
and period is in red on the right axis. In Figure 5.8(a), corresponding to the main
phase of poleward TID activity, the predominant speeds are between 200 and 400
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m/s for periods of approximately 1 to 2 hours. Figure 5.8(b) represents the recovery
phase of poleward TID activity, where events were fewer in number. Figure 5.8(c),
the main phase of equatorward TID activity, has much more scattered and frequent
data points, with speeds ranging from 200 to 600 m/s and periods between 0 to 4
hours. Figure 5.8(d) which shows the recovery phase of equatorward TID activity,
reflects fewer events with velocities in the range of 200-400 m/s and periods of
about 1 to 2 hours. Overall, during the main phase, there is stronger and more
frequent TID activities in general, especially those equatorward, while the recovery
phase has subdued activities.

Habarulema et al. (2022) reported that throughout the main phase of geomagnetic
storms, nearly all poleward TIDs were large scale with velocities ranging from 300-
550 m/s, following the period range classification of 30 min to 3 hr (e.g., Hunsucker,
1982; Kersley and Hughes, 1989). Habarulema et al. (2022) also reported that
during recovery phase, MSTIDs had period and velocity values ranging from 23-50
min and 190-290 m/s, respectively, while the corresponding values for LSTIDs
were 30 min -1.5 hr and 300-410 m/s.

5.3 Diurnal Variation of TID Activity

Cheng et al. (2021) developed an autonomous algorithm that uses both the 3
dimensional Fast Fourier Transform (3-D FFT) and Support Vector Machines
(SVM) to statistically study the MSTIDs in the low-latitude equatorial ionization
anomaly region over Taiwan from 2013 to 2015. The statistical results demonstrate
that the seasonal, local time (LT) changes of TEC perturbations in low latitude
across Taiwan are broadly consistent with earlier MSTID investigations (Otsuka,
2021). MSTID occurrence rates and propagation directions are clearly seasonal and
time dependent. MSTIDs moving southward are seen virtually every day between
0800-2100 LT in the spring and winter, primarily around 2100-0300 LT in the
summer, and with the least occurrence in the autumn. From Spring to Autumn,
however, northward MSTIDs are more typically recorded around 1200-2100 LT,
with a secondary peak around 0000-0300 LT. There are little studies done on the
diurnal variation of LSTIDs. Song et al. (2013), performed a statistical study
of LSTIDs formed by the solar terminator over China, focused on the dusk and
dawn local time. Tsugawa et al. (2004) did a statistical study of LSTIDs utilizing
the GPS network in Japan, and shown that there are more LSTID in the local
nighttime than the local daytime.
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5.3.1 Results during geomagnetic storms

Figure 5.9: Diurnal Variation of TID Activity in the Northen Hemisphere during
Geomagnetic storms between 2006-2022.

Figure 5.9 provides statistical distribution of TID activity for both LSTID activity
and MSTID activity for geomagnetic storms in the Northern Hemisphere. The
Time [UT] in the x axis, which is defined as the estimated start of TID activity,
are obtained from the average of the start of TIDs observed. The activities are
further categorized into equatorward and poleward activities.

In Figure 5.9(a), equatorward LSTID activity is most prominent between 6 UT
and 12 UT, peaking at about 6-7 UT and 10-11 UT, this activity was much
stronger compared to all the other categories during peak hours, while tapering
off in the afternoon and turning negligible in the evening. On the contrary, to
the equatorward LSTID activity, in Figure 5.9(b) the poleward LSTID activity
originating from the equator is minimal with little activities around 2 UT, 4 UT, 8
UT, and 10 UT.

The poleward MSTID activity in Figure 5.9d) shows small peaks around 8-10 UT
and another minor peak at 12 UT. MSTID activity is not as strong as it is for the
equatorward LSTID activity. There are very few poleward TID activity of equator
origin. From Figure 5.9 it can be concluded that equatorward LSTID activity is
more dominant during geomagnetic storms.
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Figure 5.10: Diurnal Variation of TID Activity in the Southern Hemisphere during
Geomagnetic storms between 2006-2022.

Figure 5.10 is similar to Figure 5.9, but in the southern hemisphere. In Figure
5.10(a) The peak of equatorward LSTID activity lies between 10 and 14 UT. By
contrast, in Figure 5.10(b) the poleward LSTID activity is small throughout the
day. This poleward propagation activity is, however, relatively low, with less
notable clustering. In Figure 5.10(c) the equatorward MSTID activity does not
show clear peaks, having only minor peaks around 8 UT and 12 UT, which indicate
some level of TID activity in the morning and midday hours, even though these
are much weaker than the equatorward LSTID activity.

Similarly, in Figure 5.10(d) the poleward MSTID activity is sparse and stretched
over the day, with minor occurrences at around 6 UT and 12 UT, but remain
low. During geomagnetic storms, TID activity in the Southern Hemisphere is
distinctly different from that in the Northern Hemisphere. The equatorward
TID activity maximum occurs later in the day between 10 and 14 UT. On the
whole, from the overall pattern, it is observed that TIDs tend to propagate
equatorward during both storm phases while poleward propagation remains a
rather rare activity. The study is done during geomagnetic storms and it is well
known that high solar activity periods exhibit higher occurrences of geomagnetic
storms. Furthermore, equatorward LSTIDs are launched from high latitudes during
geomagnetic storms. TIDs during geomagnetic storms are usually associated with
solar wind-magnetosphere-ionosphere coupling, which leads to a surge in the
generation of AGWs in auroral/high-latitude regions as a result of enhanced
Lorentz coupling, Joule heating, and particle precipitation (e.g., Hunsucker, 1982;
Hajkowicz and Hunsucker, 1987; Hocke and Schlegel, 1996; Balthazor and Moffett,
1997; Bruinsma and Forbes, 2009). LSTIDs exhibit a dominant equatorward
direction from both the northern and southern hemispheres. During geomagnetic
storms, equatorward LSTIDs are also launched from high latitudes (Habarulema
et al., 2022).
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5.3.2 Results during simultaneous occurrence of geomagnetic storms
and solar flares

Figure 5.11: Diurnal Variation of TID Activity in the Northern Hemisphere during
simultaneous occurrence of Geomagnetic storms and Solar Flares between 2006-
2022.

Figure 5.11 displays the distribution of both LSTID and MSTID activities for
simultaneous occurrences of storm and solar flares in the Northern Hemisphere.
The activities are further categorized into equatorward and poleward activities.

Figure 5.12: Diurnal Variation of TID Activity in the Southern Hemisphere during
simultaneous occurrence of Geomagnetic storms and Solar Flares between 2006-
2022.

Figure 5.12 is similar to Figure 5.11, but for the southern hemisphere. Results in
both hemispheres agree with low occurrences of TID activity during the simultane-
ous occurrence of geomagnetic storms and solar flares.
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5.4 Seasonal Variation of TID Activity

Several studies have focused on the characteristics of seasonal variations in AGW
and TID activity (Garcia et al., 2000; Shiokawa et al., 2003; Hernandez-Pajares et
al., 2006; Kotake et al., 2006; Grocott et al., 2013). Recent research has found that
TID activity varies annually, with a winter peak throughout the North American
sector and a significant reduction during the summer (Frissell et al., 2014; Frissell
et al., 2016) for both quiet and disturbed conditions.

According to Ogawa (1988), their 10 month statistical study showed that TID
activity is highest in August (SH winter) and lowest in January (SH summer).
This observation is also partially compatible with that of Evans et al. (1983), who
noted that the seasonal variation is less obvious, although the occurrence appears
to be enhanced in winter and around the equinoxes and decreased in summer.
They explained the seasonal change by pointing out that detectability is dependent
on total electron content. That is, the detectability of an acoustic gravity wave is
determined by the ambient ionization density (foF5), and some techniques may fail
to detect it if the ambient ionization density is less than a certain threshold value.

Shiokawa et al. (2003) found a semi-annual change in TID activity across Japan at
similar latitudes, however the airglow all-sky imager only detected nocturnal TIDs.
Kotake et al. (2006) discovered a similar trend over the Eastern North American
continent using Global Positioning System total electron content data, while Negrea
et al. (2018) found a substantially bigger amplitude for this semi-annual variation
in TID activity.
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5.4.1 Seasonal Variation results during geomagnetic storms

Figure 5.13: Seasonal Variation of equatorward TID Activity during Geomagnetic
storms between 2006-2022.

Figure 5.13 shows the seasonal distribution of TID activity during geomagnetic
storms which occurred from 2006-2022 for the main and recovery phases. In Figure
5.13(a) and (c), the green and yellow colors represent TID activities for the NH
and SH, respectively during main phase. In Figure 5.13(b) and (d), the blue and
red colors represent TID activities for the NH and SH, respectively during recovery
phase. The bottom row of plots shows the seasonal distribution of storms, reflecting
a distinct peak in storm occurrences in October-November, while during spring in
SH and early summer in SH months, the count of storms was low. Figure 5.13(a)
and (c) depict that during the main phase, the equatorward LSTID activity is
stronger in the NH than that in the SH around March, April, and May. This
indicates a hemispheric asymmetry in ionospheric disturbances where equatorward
LSTID events occur more frequently in the NH (Hajkowicz, 1990; Forster and
Cnossen, 2013; Cnossen and Forster, 2016; Laundal et al., 2016; Jonah et al, 2020;
Wang et al, 2021). During the recovery phase, equatorward LSTID activity is
reduced; however, the NH still presents higher activity than the SH.

On the other hand, in Figure 5.13(b) and (d) the equatorward MSTID activity
is small through both the main and recovery phases, having a slight increase
during the latter, in the SH in July and August. Figure 5.13 underlines the
complicated interaction between the storm phases, hemispheric differences, and
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seasonal variations of equatorward TID activity. Equatorward LSTID activity is
more frequent and stronger in the NH, and its seasonal peak coincides with storm
occurrences. The NH generally shows higher activity, especially during the main
storm phase, which may indicate possible hemispheric asymmetry in the generation
and propagation of TIDs (Hajkowicz, 1990; Forster and Cnossen, 2013; Cnossen
and Forster, 2016; Laundal et al., 2016; Jonah et al, 2020; Wang et al, 2021).

Figure 5.14: Seasonal Variation of poleward TID Activity during Geomagnetic
storms between 20006-2022)

Figure 5.14 shows the seasonal distribution of poleward TID activity during
geomagnetic storms which occurred from 2006-2022 for the main and recovery
phases. In Figure 5.14(a) and (c), the green and yellow colours represent TID
activities for the NH and SH, respectively during main phase. In Figure 5.14(b)
and (d), the blue and red colours represent TID activities for the NH and SH,
respectively during recovery phase. During the main phase of storms, poleward
LSTID activity is relatively low in both hemispheres, the SH being slightly more
active, especially during the months, of March and May. In turn, the scarce
occurrence of poleward LSTID activity is distributed around June in the NH. The
poleward LSTID activity is certainly more salient in the recovery phase.

Similarly, poleward MSTID activity is minimal during the main phase. During the
recovery phase, however, MSTID activity significantly develops in both hemispheres.
This agrees with the above-described pattern for poleward LSTID activity, where
the recovery phase appears to favor the generation of poleward TIDs. Equatorward

85



TIDs are frequently associated with geomagnetic storm conditions. These storms
inject energy into the auroral regions, causing gravity waves to spread equatorward
(Habarulema et al, 2016; Jonah et al, 2017). This process occurs more frequently
because geomagnetic storms are relatively widespread and have a substantial impact
on the ionosphere. Poleward TIDs, on the other hand, are linked to different sources
including local atmospheric gravity wave sources, such as convection activities
(Jonah et al, 2017). Furthermore, the mechanisms that drive poleward TIDs are
more limited and less likely to cause large-scale disturbance.

5.4.2 Seasonal Variation results during simultaneous occurrence of geo-
magnetic storms and solar flares

Figure 5.15: Seasonal Variation of equatorward TID Activity during simultaneous
occurrence of Geomagnetic storms and solar flares between 2006-2022.

Figure 5.15 shows the seasonal distribution of TID activity during simultaneous
occurrences of storm and solar flares which occurred from 2006-2022 for the main
and recovery phases. In Figure 5.15(a) and (c), the green and yellow colours
represent TID activities for the NH and SH, respectively during main phase. In
Figure 5.15(b) and (d), the blue and red colours represent TID activities for the
NH and SH, respectively during recovery phase. The seasonal distribution of
geomagnetic storms with respect to months is provided in the bottom row.

During the main phase, prominent LSTID activities in the NH are mainly observed
during April, June, and September. The number of events is the highest in
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September. In the SH, the number of events is low, main activities have been
observed during August, September and November. During the recovery phase, the
LSTID activity reduced significantly, showing only a few events in July, August,
September, October and November. It is interesting to note that during this
recovery phase the activities of NH and SH are quite balanced.

In Figure 5.15(b) MSTID activity occured only on a few instances, concentrated
in May and June for the NH and in July for the SH. In figure 5.15(d) during the
recovery phase, MSTID activity becomes very scarce, having only one event in
the NH in June. (Habarulema et al., 2022) showed that during main phase of
geomagnetic storms poleward TIDs are mostly large scale and during recovery
phase, poleward TIDs were dominantly medium scale.

Figure 5.15 shows that LSTIDs have larger occurrences than MSTIDs, and that
there is more TID activity during the main phase than during the recovery phase
of storms. Also, the hemispheric asymmetry in the occurrence of TIDs may be
seen to exist, with more in the NH, especially around the main phase. The NH
generally shows higher activity, especially during the main storm phase, which
may indicate possible hemispheric asymmetry in the generation and propagation
of TIDs (Hajkowicz, 1990; Forster and Cnossen, 2013; Cnossen and Forster, 2016;
Laundal et al., 2016; Jonah et al, 2020; Wang et al, 2021). Additionally, the
seasonal distribution of storms could suggest that some specific periods of the year,
especially around the equinoxes, may be more favorable for storm activity and the
eventual occurrence of TIDs, as Cheng et al. (2021) suggested.
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Figure 5.16: Seasonal Variation of poleward TID Activity during simultaneous
occurrence of Geomagnetic storms and solar flares between 2006-2022.

Figure 5.16 shows the seasonal distribution of poleward TID activity during
simultaneous occurrences of storm and solar flares which occurred from 2006-2022
for the main and recovery phases. In Figure 5.16(a) and (c), the green and yellow
colours represent poleward TID activities for the NH and SH, respectively during
main phase. In Figure 5.16(b), the blue and red colours represent poleward TID
activities for the NH and SH, respectively during recovery phase.

Figure 5.16(a) and (c), shows poleward TID activity, revealing little poleward
TID activity during the main phase, with peaks in specific months June, July and
September.

In Figure 5.16(b) and (d), the poleward MSTID activity, on the other hand, is
minimal during the main phase, none was observed during the recovery phase. The
data in Figure 5.16 is very small to truly draw a definative conclusion thus making
it hard to analyse.

5.5 Annual Variation of TID Activity

Medvedev et al. (2013) have shown that wave activity (the number of wave-like
disturbances) in the ionosphere increases with both solar and geomagnetic activity
in a study that was done in the period 2003-2012 (Ratovsky et al., 2015).

5.5.1 Annual Variation results during geomagnetic storms
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Figure 5.17: Annual Variation of equatorward TID Activity during geomagnetic
storms.

Figure 5.17 presents an in-depth analysis of equatorward TID activity during
geomagnetic storms from 2006 to 2022. The analysis is divided into six panels, each
focusing on different aspects of TID activity across storm phases and hemispheres.

Figures 5.17 (a) and (d) are similar and depict the number of geomagnetic storms
between 2006 to 2022, with both showing fluctuations in storm counts over time.
The storm occurrence is indicated at exactly the time, month and year when the
storms occurred explaining why some dots are very close to each other. Notable
peaks are observed between 2012 and 2017, which may correlate with periods of
higher solar activity, where geomagnetic storms are typically more frequent. This
trend underscores the influence of the solar cycle on geomagnetic activity (Legrand
et al, 1989; Papitashvili et al, 2000; Georgieva et al, 2011). Figures 5.17(b)-(c) and
(d)-(e) are presented in a format where TID activity occurrences are split into NH
and SH, respectively, for comparative purposes. For-example, in Figure 5.17(b),
there is an observation of a LSTID activity in the SH in 2006 which is absent in
the NH during the same geomagnetic storm main phase.

Figure 5.17 (b) and (e) focus on TID activity during the main phase of storms.
LSTID activity, shown in Figure 5.17(b), is relatively consistent across both
hemispheres, with some years, like 2013 and 2015, showing higher frequencies of
events. MSTID activity, presented in Figure 5.17(e), appears less frequent overall,
suggesting that LSTIDs are more prominent during the main phase of geomagnetic
storms.

In contrast, Figures 5.17(c) and (f) illustrate TID activity during the recovery
phase. Both LSTID and MSTID activities are less frequent during this phase
compared to the main phase. The activity is more concentrated in specific years and
hemispheres, with the NH generally showing more events. The analysis highlights
notable hemispheric differences, with the NH often exhibiting more TID activity
(Hajkowicz, 1990; Cnossen and Forster, 2016; Forster and Cnossen, 2013; Laundal
et al., 2016; Jonah et al, 2020; Wang et al, 2021). The data also reveal that TTID
occurrences vary significantly over time, likely influenced by solar cycles, and that
TID activity is generally stronger during the main phase of storms (Bowman, 2001;
Klausner et al, 2009).
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Figure 5.18: Annual Variation of poleward TID Activity during geomagnetic storms.

Figure 5.18 is similar to Figure 5.17, but for the poleward TID activity during
the geomagnetic storms from 2006 to 2022. There are significant peaks in Figure
5.18(a) and (d) in the years 2012-2015, hence coinciding with the solar maximum
of Solar Cycle 24. In this period of high solar activity, there are more storm events,
which are indeed known to drive TID activity.

Figure 5.18 (b) and (c) shows LSTID activity during main phase and recovery
phase, respectively, with the occurrence of a couple of events in 2013-2015. MSTID
activity, shown in Figure 5.18 (e) and (f), tend to have more sporadic activity during
both storm phases, with activity clusters around 2014 and 2017. A hemispheric
asymmetry is also evident in the data: SH dominates slightly for LSTID activity.
This difference could be because of hemispheric differences which cause different
effects in the different hemispheres in the geomagnetic conditions (Hajkowicz, 1990;
Forster and Cnossen, 2013; Cnossen and Forster, 2016; Laundal et al., 2016; Jonah
et al, 2020; Wang et al, 2021). The NH has fewer events during some periods.
Habarulema et al. (2022) showed that during main phase of geomagnetic storms
poleward TIDs are mostly large scale, while the recovery phase was dominantly
medium scale.
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5.5.2 Annual Variation results during simultaneous occurrence of geo-
magnetic storms and solar flares

Figure 5.19: Annual Variation of equatorward TID Activity during simultaneous
occurrence of geomagnetic storms and solar flares.

Figures 5.19 (a) and (d) are similar and depict the number of geomagnetic storms
between 2006 to 2022. Figures 5.19 (b) and (c) depict equatorward LSTID activity
during the main and recovery phases of these geomagnetic storms. During the main
phase, indicated in Figure 5.19 (b), there is a notable presence of equatorward TID
activity in both hemispheres, with years such as 2012 and 2015 showing significant
occurrences. Conversely, Figure 5.19 (c¢) examines equatorward LSTID activity
during the recovery phase, where the data reveals fewer events, with more activity
observed in the NH compared to the SH.

Figures 5.19(e) and (f) show equatorward MSTID activity, during the main and
recovery phases of geomagnetic storms. The main phase, shown in Figure 5.19
(e), reveals instances of equatorward MSTID activity, particularly in 2015, across
both hemispheres. However, during the recovery phase, depicted in Figure 5.19 (f),
equatorward MSTID activity is minimal, with only one occurrence, in the NH.

Figure 5.19 demonstrates a clear distinction between equatorward TID activity
during the main and recovery phases of geomagnetic storms. The main phase consis-
tently shows more equatorward TID occurrences, while the recovery phase exhibits
fewer events, particularly in the SH. The data also highlights annual variations,
with specific years like 2012 and 2015 experiencing heightened equatorward TID
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activity, suggesting these years had more significant geomagnetic disturbances and
solar flares as it was around the solar maximum, thereby impacting the ionosphere.

Figure 5.20: Annual Variation of poleward TID Activity during simultaneous
occurrence of geomagnetic storms and solar flares.

Figure 5.20 is similar to Figure 5.19, but for poleward TID activity results during
simultaneous occurrence of geomagnetic storms and solar flares. There are generally
fewer cases of TID activity occurrence during both main and recovery phases.

5.6 Summary

This chapter discussed the statistical analysis of observations of poleward TID ac-
tivity of equatorial origin and equatorward TID activity over the African-European
sector during geomagnetic storms and simultaneous occurrences of geomagnetic
storms and solar flares between 2006 and 2022. Geomagnetic storms were deter-
mined by Dst < -30 nT. TIDs were discovered in GNSS TEC-derived data. The
years with peak storm activity do fall within Solar Cycle 24 when most of the TID
events occurred, and these disturbances may be closely related to solar conditions
and those involving geomagnetic activity. LSTIDs exhibit a dominant equatorward
direction from both the northern and southern hemispheres. In both hemispheres,
it appears that the LSTIDs are dominant during storms, with time of occurrence
around 10-12 UT.
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Chapter 6: Conclusions and
Future Work

The main goal of this study was to conduct a statistical analysis of equatorward TID
activities and poleward TID activities of equator origin over the African-European
sector between 2006 and 2022 during geomagnetic storms and simultaneous occur-
rence of geomagnetic storms and solar flares. Geomagnetically disturbed conditions
were identified based on Dst < -30 nT. Global Navigation Satellite Systems (GNSS)
data were used to identify TID activity.

The method presented detected 196 TID activities propagating over the African-
European sector within the longitudinal range of 20-40° E during the period
from 2006 to 2022. Of these TID activities, 161 and 33 were observed during
geomagnetic storms, and simultaneous occurrence of geomagnetic storms and solar
flares, respectively. The present research examined both equatorward medium-
to large-scale TID activity and poleward medium- to large- scale TID activity
originating from the equator in the southern and northern hemispheres. In this
project equatorward TIDs are TID originating from higher latitudes towards the
equator while poleward TIDs are the TIDs that are originating from the equator
to the poles (Bowman and Mortimer, 2011; Habarulema et al., 2016; Habarulema
et al., 2017; Thaganyana et al., 2022).

The poleward TID activity during the main phase had speeds as high as 400 m/s,
with the periods mainly concentrated within the range of 1 to 2 hours. During
recovery phase the poleward activity were observed to have speed of 200 to 600
m/s, with the periods consistent at 1 to 2 hours. Habarulema et al. (2022) found
that poleward TIDs during the main phase of geomagnetic storms had speeds
ranging from 300 to 550 m/s and period ranging from 0.5 to 2 hr. During the
recovery phase, poleward MSTIDs with (period, speed) ranging from (23-50 min,
190-290 m/s) and poleward LSTIDs with (period, speed) ranging from (30 min—1.5
hr, 300410 m/s). The poleward LSTID activity originating from the equator were
minimal as compared to the equatorward LSTID activity. The poleward LSTID
activity showed some sporadic activities around 2 UT, 8 UT, and 10 UT. The
poleward MSTID activity originating from the equator was minimal and activity
was most prominent between 6 UT and 14 UT in the northern hemisphere however
in the southern hemisphere, the sporadic pattern is observed. Habarulema et

al. (2022) found that poleward TIDs are observed between 0400-1530 UT. The
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poleward LSTID activity was certainly more salient in the recovery phase. During
recovery phase in the SH, this activity was very high in months like March, April,
and October, while there was also significant activity in the NH in months like
February and November. Poleward MSTID activity was minimal during the main
phase, particularly in the SH around March and September.

The equatorward TID activity during the main phase had speeds reaching as high
as 800 m/s. The periods associated with these equatorward TID activities were
centered between 1 to 3 hours. During the recovery phase, however, the speed of
equatorward TID activity were distributed within the range 200-400 m/s, with the
dominant periods ranging from around 1 to 3 hours. It was also found that the
equatorward LSTID activity was most prominent between 6 UT and 16 UT in
both hemispheres. The equatorward MSTID activity was most prominent between
8 UT and 14 UT in both hemispheres. During the main phase of the storm, the
equatorward LSTID activity was more in the NH than in the SH around March,
April, and May. The equatorward MSTID activity was small through both the
main and recovery phases, having a slight increase during the latter, in the SH in
July and August. (Sivakandan et al., 2021; Oluwadare et al., 2022) explained that
the high GW activity is the cause of the high TID activity, as evidenced by the fact
that the winter peak of the daytime TIDs and the winter peak in the amplitude of
the meridional wind variations coincide. However, there is no rise in TID activity
throughout the summer. This is due to the fact that GWs in the thermosphere
propagate equatorward in the winter and poleward in the summer, and that GWs
that propagate equatorward cause significant perturbations in plasma density in
contrast to those that propagate poleward.

During the main phase of storms, equatorward LSTID activity was relatively
consistent across both hemispheres, with years of solar maximum, between 2013
and 2015, showing higher frequencies of events. Equatorward MSTID activity
appeared less frequent overall, particularly in the SH, suggesting that equatorward
LSTID activity are more prominent during the main phase of geomagnetic storms.
During the recovery phase, both equatorward LSTID and MSTID activities were
less frequent compared to the main phase. Poleward MSTID activity tends to have

more sporadic activity during both storm phases, with activity clusters around
2014 and 2017.

Future Work

The study was performed by visually identifying TIDs on the generated 2d TEC
maps. It would be good to automate this process in order to make it faster and
easier. It would also be good to study in detail more differences in the TID
activities launched in both hemispheres and how the TID activities launched at
solar minimum and solar maximum behaves and their characteristics.
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