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ABSTRACT

Abstract

The solar quiet (Sq) focus position of normal quiet current systems is usually around +30°
from the magnetic equator. Deformed Sq current vortices observed away from this position may
contribute to abnormal phase-shift quiet days (APQDs). Moreover, regional variations, hemi-
spheric asymmetries of neutral winds, conductivities, and non-migrating tides may influence
the APQDs. To understand this phenomenon, a statistical analysis of APQDs was conducted
for Solar Cycle 24 (SC24: 2008-2019). The study used 1-min magnetic field data from 43
INTERMAGNET geomagnetic observatories between —60° and +60° magnetic latitudes in
three longitudinal sectors: American, Africa-European, and Asia-Australian. Quiet days were
identified by a [SYM-H| < 10nT threshold. APQDs were identified in low- and mid-latitudes
to shed light on regional, global, and seasonal occurrence rates. Results showed high global
and regional APQD occurrences during D season across solar cycle phases in all longitudinal
sectors. Moreover, the highest occurrence rate of regional and global APQDs was observed in
the Northern Hemisphere’s low-latitudes (43.4% & 36.7%) and in the Southern Hemisphere’s
mid-latitudes (31% and 31.4%), respectively. For hourly distribution of APQDs occurrence
rates, mostly in the D season, high rates were observed in the morning (6:30-9:30 SLT) for low
latitudes in the Northern Hemisphere and in the afternoon (15:30-16:30 SLT) for mid-latitudes
in the Southern Hemisphere. The results showed that the sudden stratospheric warming (SSW)
event might have influenced the ionospheric current system on 23 January 2009, most likely
shifting Sq foci latitudes to 55°N and 54°S, and causing APQDs at mid-latitude observatories
and equatorial observatory MBO.

Key words: solar quiet (Sq) variations, abnormal phase shift quiet days (APQDs), Sq focus,

geomagnetic observations.
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LT Solar Local Time
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

The geomagnetic field is a complex and ever-changing phenomenon that plays a vital role
in numerous geophysical processes, with profound implications for both scientific research and
practical applications. The Earth’s magnetic field has two main components: the core field,
which originates from the chaotic motion of molten iron within the Earth’s outer core, (Mandea et
al., 2007), and the external field, primarily generated by dynamic activity within the upper layers
of the Earth’s atmosphere. The ionosphere (a region of the atmosphere that is ionized by solar
radiation) contributes to the variations of the external magnetic field through electric currents
engendered by the interplay of charged particles in motion with the Earth’s magnetic field.
Furthermore, the magnetosphere contributes to the external field variations via magnetospheric
currents driven by the solar wind and various space weather phenomena (Heilig & Liihr, 2018).
The measured internal field contributes a minor 2-3% derived from the magnetized lithospheric
rocks located 10 to 70 kilometers beneath the Earth’s surface (Vervelidou, 2013). The complex
interplay between the Earth’s internal and external magnetic field components culminates in a
magnetic environment that is not only fascinating in its intricacy but also vital for a multitude
of applications, such as navigation, space weather forecasting, and shielding humanity from the

adverse effects of space weather.

In the E-region of the ionosphere (90-150 km), lies a sophisticated dynamo, resulting
primarily from extreme ultraviolet radiation (EUV). The energy flux from the EUV drives the
atmospheric tides and neutral winds by inducing a transport of ionospheric ions via collisions
across the Earth’s magnetic field (Olsen & Stolle, 2017; Le Sager & Huang, 2002). This
system of currents comprises two vortices, which are centered at +30° magnetic latitude and are
situated around local noon, exhibiting anticlockwise circulation in the Northern Hemisphere and
clockwise circulation in the Southern Hemisphere when observed from an overhead perspective
of the ionosphere. These currents manifest in the ground magnetic field data, mainly horizontal
(H)/northward (X) component as maximum variation in solar quiet conditions, i.e. Sq(H) or
Sq(X) for observatories in low-latitudinal region (magnetic latitude < +30°), and minimum
variation in solar quiet conditions, i.e. Sq(H) or Sq(X), for observatories in mid-latitudinal

region (magnetic latitude> +30°) (Olsen & Stolle, 2017). This configuration represents the



CHAPTER 1. INTRODUCTION

ideal Sq schema (Anad et al., 2016). The Sq(H) variations are referred to as Sq throughout
the thesis, unless explicitly mentioned when using the X, eastward (Y) and declination (D)

components.

Phase shifts of solar quiet (Sq) variations are anomalies in geomagnetic field variation that
were reported for the deep minimum phase of solar cycle 24, 2008-2009. The first study to report
on these anomalies in regular quiet diurnal geomagnetic variation was conducted by Chapman
and Stagg (1929). Subsequent studies on these anomalies were carried out in the years following
the International Geophysical Year (IGY) of July 1957 - December 1958 (Price, 1963; Cardus
& Romana, 1962; Yacob & Sen, 1974; Rourke, 1964; Takeda & Yamada, 1989; Malin & Gupta,
1977; Matsushita & Maeda, 1965; Campbell et al., 1989; Feldstein & Zaitzev, 1968). During
the International Quiet Solar Years (IQSY) between 1964 and 1965, some studies reported
anomalies in the magnetic field variations, especially on days when the magnetic activity was
very quiet, due to perturbations in the ionospheric dynamo region (McKenna, 1965; Price,
1963; Pomerantz, 1964).

Such anomalies in the magnetic field as reported by the earlier studies were further analyzed
in the decades following the IQSY. Brown and Williams (1969) conducted an initial study that
reported on the anomalous variations in the H- or X-component of the quiet geomagnetic field
in the mid-latitudinal region. This study laid the foundation for the study of abnormal quiet days
both in phase shifts and amplitude variations, coining the phrase abnormal quiet days (AQDs).
Abnormal phase-shift quiet days (APQDs) are the phase shifts observed outside the time range
of the regular or normal quiet-day (NQD) variations of the H-component of the geomagnetic
field data (Butcher, 1989; Vichare et al., 2012). In this study, only days with phase shifts
observed one hour outside NQD variations were considered as APQDs. APQDs are attributed
to many mechanisms, such as the complex interchange and coupling of the different layers of
the atmosphere due to neutral winds and plasma motions. The atmospheric migrating and non-
migrating tides, planetary waves, sudden stratospheric warmings (SSWs), counter electrojets
(CEJ), singular current vortex (SCV), superposed northward/southward fields (SPNF/SPSF)
were initially reported by Campbell (2012) and the references therein. A compendium of the
studies of the past 75 years, featuring all possible causes of the E-region current abnormalities
impacting the geomagnetic field variations, was compiled in Yamazaki and Maute (2017).
In the decades following IQSY, limited, yet notable, research was undertaken to distinguish
such phase-shifts and anomalous amplitude variations of the quiet daily variation from the
geomagnetic field data in the low- and mid-latitudinal region. These pertained to anomalies
in E-region conductivity and used focused phases of the solar cycle (Anad et al., 2016; Santos
et al., 2017; Erick et al., 2016; Hwang et al., 2012). Some abnormal phase-shifts have been
reported for some selected longitude sectors (Bello et al., 2014; Bolaji et al., 2015; Shinbori
etal., 2017; Archana & Arora, 2022; Archana et al., 2023). Similarly, APQDs have been studied
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for specific seasonal or yearly trends (Bhardwaj et al., 2015; Echer et al., 2011; Ugwu & Okeke,
2021; Falayi, 2014; Shinbori et al., 2014; Santos et al., 2022; Morozova et al., 2020; Schnepf
et al., 2018; Vichare et al., 2012; Love & Rigler, 2014).

The magnetic meridian effects and the invasion of the Southern Hemisphere in the Northern
Hemisphere during the quietest days are anomalous irregularities reported by Mayaud and
TIAGA (1967). The synopsis, titled ’Atlas of K-indices’, was the guiding aid for the derivation
of the K-indices for local observatories. This guide elaborates on how such irregularities
can affect the accuracy of calculations for the local observatory’s magnetic activity levels in
the form of K-indices, thus causing errors in the calculation of Sq variations. Knowledge
of such irregularities and the ability to recognize such irregular features from magnetograms
were crucial for absolute measurement observers and geomagnetic observatory custodians who
calculated the K-indices by means of analogue geomagnetic field records. This study led to
different research attempts to explain such irregularities. They were attributed to asymmetry
in heating and conductivities in the E-region of the ionosphere, diurnal and semi-diurnal tides,
neutral winds, and electric fields, longitudinal differences in sunrises and sunsets, and seasonal
inequality, which caused additional mid-latitudinal currents to flow between both hemispheres
(Van Sabben, 1970; Wagner et al., 1980; Richards & Torr, 1986). However, the overall solar
cycle and seasonal trends of APQDs have not been studied extensively for solar cycle 24, and
specifically not for the categorization of local, regional, and global variations of such abnormal
phase shifts. It was suggested by Stening (1989) that APQDs may be caused by asymmetry
of hemispheres in the solstices and equinoxes. While the north-south asymmetry in the Sq
current system is well-documented, it is important to consider the broader context of solar and
geomagnetic influences. The asymmetry is not only a result of current solar and geomagnetic
conditions, but also reflects long-term solar cycles and the inherent asymmetries in the Earth’s
magnetic field. Therefore, this study attempts to conduct a statistical analysis of APQDs with
respect to seasons, different longitudinal sectors, and hemispheres for all years of solar cycle
24 (2008-2019). Moreover, analyses of magnetically conjugate stations having a relatively
higher number of APQDs have been undertaken for different phases of the solar cycle in order
to understand the seasonal asymmetry of the hemispheres during different phases of the solar

cycle.

There is currently no clear definition of and methodology to characterize these APQDs and
determine seasonal and solar cycle trends with respect to latitudinal/longitudinal and hemi-
spheric variations. This study aims to clearly devise and adopt a consistent method to identify
the APQDs in low- and mid-latitudinal regions and to discover global characteristics of their

trends and behaviors during the different phases of the solar cycle.
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1.1 Research Motivation

According to Soloviev et al. (2019), under quiet regular geomagnetic conditions, the Sq foci
appear mostly at positions of around positions of +30° magnetic latitude. Earlier studies on
APQDs revealed major deviations from standard Sq foci positions (Hasegawa, 1960; Butcher,
1982) because these abnormal periods of phase-shifts display variations in the current dynamics
of the ionospheric and atmospheric systems, as observed in geomagnetic field records near Sq
foci positions (Campbell, 2012; Bhardwaj et al., 2015; Morozova et al., 2020).

The Sq pattern fails to demonstrate any form of predictability during quiet geomagnetic
days. According to statistical analysis by Chen et al. (2007), the daily range of meridian
chain ground magnetic field measurements more than doubles for successive days, especially
in the low-latitudinal region, which responds to small E-region wind changes. 70-80% of the
total variability now originates from lower-atmospheric forces, including tides, non-migrating
tides, planetary waves, and gravity waves that modify the dynamo electric field as they ascend
through the atmosphere. The remaining portion of the variance is caused by small fluctuations
in solar EUV radiation that influence daytime conductivity. Some portion of the influence of
the equatorial electrojet (EEJ) on Sq was first analyzed by Forbes (1981), followed by statistical
studies by Stening (1995), which confirmed that these controlling factors influence the Sq
variation. Recent modeling demonstrates that meteorological input also creates randomness in
the daily Sq morphology (Yamazaki et al., 2016; Takeda, 2016).

The Sq current vortex shows an asymmetric pattern in the quiet-time ionospheric dynamo
that positions its foci at different latitudes between the solstice months of the summer and
winter hemispheres. The north—south difference in Sq patterns was found to cause the southern
Sq vortex to lag behind the northern vortex by as much as 60° (Van Sabben, 1964). It
was first documented by Van Sabben (1966) that meridional currents dominate from south
to north in the low- and mid-latitudinal regions due to potential difference at the Sq foci in
both hemispheres. These currents were later named as inter-hemispheric field-aligned currents
(IHFACs) (Fukushima, 1979). Satellite and magnetometer-chain reconstructions show that
the intensity and latitude of the foci follow the E-region conductivity peaks that occur during
seasonal solar illumination and neutral-wind tidal alignment. The Sq amplitude reaches its
highest value near the June and December solstices before decreasing during equinox periods
in most longitudinal sectors, yet its pattern depends on local time and longitude, because tides
produce time-dependent changes in dynamo efficiency (Pedatella et al., 2011). The observed
seasonal changes in Sq amplitude and phase are explained by tidal effects, in addition to Hall-to-
Pedersen conductivity variations, especially in the SAA region, according to spherical harmonic
analysis (Takeda, 1990; Yamazaki & Maute, 2017; Owolabi et al., 2022).
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The Sq system expands and contracts over an 11-year period during the solar cycle. Ob-
servations at 69 sites from 1947 to 2013 showed that Sq daily variation expands by 30-50%
throughout solar minimum to solar maximum, while the peak occurs two years after F10.7 flux
reaches its highest point (Shinbori et al., 2014). The increased ionospheric electron density
and conductivity, which result from higher EUV irradiance during solar maxima, drive these
changes along with stronger thermospheric winds. The dynamo exhibits only weak longitude-
dependent changes in current foci latitude, while solar activity has a minimal effect (Shinbori
et al., 2017). The solar quiet reference field (SQRF) model has been used as an empirical tool
to study observed amplitude changes, while demonstrating the problem of limited solar cycle

data for distinguishing between solar and Earth’s main field variations (Chen et al., 2021).

The different methodologies to calculate solar quiet variation often missed non-cyclic cor-
rections. The incorrect selection of baselines to subtract hourly values and medians instead of
corrected averages often resulted in inaccurate calculation of Sq variation. The application of
smoothing techniques resulted in imprecise statistical variations due to erroneous calculations
of the times of phase-shifts. The selection of quiet days was often determined by popular usage
of international quiet days (IQDs) and the use of different thresholds of planetary indices may
not have been successful in determining extremely quiet days when APQD phenomena were

more likely to occur.

The statistical investigation of seasonal effects on APQDs throughout a complete solar cycle
across the Northern and Southern Hemispheres and longitudinal sectors remains insufficiently
explored, as is the influence of EEJ on APQDs. Moreover, it is hard to find in the existing
literature, seasonal, hemispheric, latitudinal and longitudinal trends of APQD occurrences for
an entire solar cycle. APQDs can also be explained by the impact of distortion of Sq current
vortices (Chen et al., 2007); however, the extent of the impact of this mechanism has not been

fully quantified for different phases of the solar cycle.

1.2 Aims and Objectives of the Study

The aim of this study is to statistically analyze APQDs in each phase of solar cycle 24,
using global ground-based magnetic observatory data. In addition, the study investigates the
extent to which the quiet time ionospheric or magnetospheric currents play a role in causing or

influencing APQDs. The comprehensive objectives emanating from the stated aims are:

1. To establish an accurate methodology to identify APQDs from ground-based magnetome-

ter data;

2. To report occurrence rates at an equal number of observatories in each hemisphere and,

5
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statistical results of longitudinal and global occurrences of APQDs based on Lloyd’s

seasons for solar cycle phases;

3. To establish seasonal occurrence rates of time distributions of APQDs in comparison with
NQDs, by using conjugate magnetic observatories in both hemispheres for every solar

cycle phase;

4. To report APQD occurrence rates in every solar cycle phase for magnetic latitude and ge-
ographic longitude observatories at an equal number of observatories in both hemispheres

(low- and mid-latitudinal regions);

5. To calculate Sq foci positions during minimum and maximum phases of solar cycle
24 in order to compare and ascertain the variational trends of APQDs and statistical

determination of Sq foci position offsets from ideal Sq schema for both hemispheres;

6. To report on examples of deformations in the Sq current systems and IHFACs that
contribute to APQDs observed in Sq field at highest Sq foci positions during minimum
and maximum phases of solar cycle 24, as well as on normal Sq foci latitudes at +30° in

both hemispheres.

1.3 Thesis Layout

This thesis consists of 5 chapters. Chapter 2 offers a literature review of space weather and
solar activity, its phases, solar cycle 24, the solar wind, the ionosphere, the current systems
generated by the E-region dynamo (Sq and EEJ) and their driving mechanisms, the magne-
tosphere and its impact on ionospheric currents, the IHFACs, the geomagnetic field and the
self-sustaining dynamo mechanism, normal Sq variations and the abnormal behavior of the quiet
magnetic field variations. Deformation types in the Sq current system and irregular movement
of the Sq foci, which particularly influence the APQDs, are also discussed in Chapter 2. Chapter
3 describes the geomagnetic field components, instruments used for the monitoring of magnetic
field variations, INTERMAGNET and data selection from various observatories. Geomagnetic
indices, particularly the SYM-H index, its derivation and usage are briefly described. The
method that was used to define and quantify APQDs by means of geomagnetic observatory data
is explained in detail. Furthermore, the distribution of longitudinal sectors and the separation of
solar cycle phases, the use of the SYM-H Index in the determination of quiet days, and methods
for statistical analyses of the solar cycle phases are also mentioned. Chapter 4 presents the main
results of the statistical analysis. The analyses of significant findings are discussed in Chapter

5 alongside conclusions and recommendations for future work.
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Chapter 2

Literature Review

2.1 Introduction

The purpose of this comprehensive literature survey is to examine the complex interactions
between solar activity, ionospheric dynamics, and geomagnetic parameters. The focus will be
on the role of the E-region dynamo in generating electric currents, on the various perturbations
in the dynamo of the ionospheric current system caused by a variety of factors, and on their
manifestation in ground magnetic observatory data. It evaluates the effect of solar phenomena
under quiet conditions on quiet-time Sq currents, uncovering both typical and atypical varia-
tions. The normal and abnormal quiet day variations are introduced with examples, and the
influence of Sq foci positions is evaluated. The influence of external factors such as tidal forces
and magnetospheric processes on geomagnetic behavior is also briefly addressed. A brief his-
torical overview of advancements in this field is provided, along with contemporary modeling
techniques that were used in earlier studies to predict current variation as observed in ground

observations.

2.2 Space Weather

“Space weather” refers to conditions on the Sun and in the solar wind, magnetosphere,
ionosphere, and thermosphere that can influence the performance and reliability of spaceborne
and ground-based technological systems and can endanger human life or health. Adverse
conditions in the space environment can cause disruption of satellite operations, communication,
navigation, and electric power distribution grids, leading to a variety of socio-economic losses
(Moldwin, 2008).

Space weather encompasses a variety of phenomena resulting from solar activity that can
significantly impact Earth’s geomagnetic environment. The interaction between solar wind
and Earth’s magnetosphere plays a crucial role in shaping space weather events. Variations in

the interplanetary magnetic field (IMF), along with changes in the velocity and density of the
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solar wind, are key factors controlling geomagnetic field fluctuations, especially in high-latitude
zones such as the polar cap (Levitin et al., 1982). These interactions can lead to geomagnetic

disturbances, which are particularly pronounced during periods of heightened solar activity.

Space weather effects, most notably geomagnetic storms, are primarily driven by solar
activity such as solar flares, interplanetary coronal mass ejections (ICMEs) and high speed
solar wind (HSSW), which influence the ionosphere and geomagnetic fields. ICMEs are large-
scale magnetized plasma expulsions in interplanetary space that correspond to coronal mass
ejections launched from the solar corona and measured by spacecraft in situ (Temmer, 2021).
Coronal mass ejections that become ICME:s are frequently associated with filament/prominence
eruptions, coronal restructuring, and sometimes flares; their solar origins determine composition
and initial kinematics (Kilpua et al., 2017). HSSW are fast solar wind flows that originate from
open magnetic-field regions (coronal holes) on the Sun and propagate into the heliosphere, often
persisting for multiple solar rotations and corotating with the Sun (Cranmer, 2009; Temmer,
2021). When these fast streams overtake preceding slower wind, they produce stream interaction
regions (SIRs) that can steepen into corotating interaction regions (CIRs) with enhanced density,
magnetic field strength, and wave activity (Cranmer, 2009; Richardson, 2018). Open-field
regions in the solar corona (coronal holes) are the principal sources of high-speed streams; the
geometry and expansion of open flux determine stream speed and structure (Cranmer, 2009;
Temmer, 2021; Richardson, 2018).

The impact of these space weather events varies with latitude, affecting ionospheric electron
densities, electric fields, and geomagnetic currents. In low-latitudinal regions, effects such as
ionospheric disturbances, variations in the equatorial electrojet (EEJ) and prompt penetration
electric fields (PPEF) and disturbance dynamo electric field (DDEF) are observed. PPEF is a
key driver of ionospheric disturbances at low-latitudinal regions. These fields can cause rapid
increases in ionospheric plasma during daytime, with opposite effects at night (Vasylitinas,
1970; Blanc & Richmond, 1980; Shahzad et al., 2023; Calabia et al., 2022). Geomagnetic
storms can cause both positive and negative ionospheric storms at low-latitudinal regions,
characterized by increases or decreases in electron density. These changes are influenced by
electric fields penetrating from the magnetosphere, which can alter the F-region density profiles
due to recombination rate variations with altitude (Veenadhari & Alex, 2006). The strength
of the EEJ, a current flowing eastward in the equatorial ionosphere, is affected by storm-time
electric field changes. This can lead to significant ionospheric responses, such as the expansion
of the equatorial ionization anomaly (EIA) crest to higher latitudes during the main and recovery
phases of storms (Shahzad et al., 2023).

Overall, space weather’s impact on Earth is multifaceted, involving complex interactions

between solar activity, ionospheric dynamics, and geomagnetic field parameters. Understanding



CHAPTER 2. LITERATURE REVIEW

these interactions from baseline effects of tranquil terrestrial conditions is crucial for predicting
and mitigating adverse effects on technological systems and human activities reliant on stable

geomagnetic conditions.

2.3 Solar Activity

Solar activity and the solar cycle are fundamental aspects of space weather that significantly
influence the ground geomagnetic field parameters and ionospheric dynamics. Solar activity is
primarily driven by the solar cycle, an approximately 11-year cycle characterized by changes in
the number of sunspots on the Sun’s surface. Sunspots are regions of intense magnetic activity
that are found in greater numbers during the maximum phase of the solar cycle. Sunspots are
mostly associated with ICMEs, solar flares, and highly energetic particles such as protons or
electrons that can interact with the Earth’s magnetosphere and affect the ionosphere. In the

minimum phase, the sunspots tend to be fewer to none (Moldwin, 2008).

The solar cycle is defined as a quasi-periodic variation with an average period of about 11
years, most easily observed by means of sunspots. The cycle is characterized by a sharp rise
from solar minimum to maximum, followed by a gradual decline, with the rise phase typically
lasting 3-6 years and the decline phase 5-8 years (Javaraiah et al., 2012; Hathaway, 2015).
During the ~11-year solar cycle, the polarity of the Sun’s magnetic field reverses. As the
magnetic reversal takes place twice in two solar cycles, the Sun’s full magnetic cycle is 22 years
long. It is known as the "Hale" cycle, when the Sun’s large-scale magnetic field configuration
is repeated. The solar cycle consists of 4 phases, namely, minimum, ascending, maximum, and
descending phases, with each phase lasting approximately 2 to 4 years (Krainev & Webber,
2004; Driel-Gesztelyi & Owens, 2020; Martin, 2024).

2.3.1 Phases of the Solar Cycle (SC)

The phases of the solar cycle are briefly described in the following subsections.

2.3.1.1 Solar Minimum

The solar minimum marks the beginning and end of a solar cycle and is characterized by a
minimum number of sunspots and less solar flare activity, confined mostly to the B and C-class
(Chertok & Belov, 2017) flares. The magnetic field of the Sun is very stable at this time, and
the frequency of solar flares and ICMEs are typically at a minimum. The heliospheric current
sheet flattens, leading to a more uniform solar wind. Despite the dominance of solar quietness,

space weather can still be affected by HSSW from coronal holes (Hathaway, 2015; Owens &



CHAPTER 2. LITERATURE REVIEW

Forsyth, 2013).

2.3.1.2 Ascending Phase

The increasing or rising phase is a period of intensifying solar activity. The number of
sunspots increases as the solar magnetic field grows more complex and dynamic. The inter-
planetary magnetic field strengthens, and geomagnetic storms become more frequent on Earth.
This period shows a change in solar dynamism, with magnetic flux emerging more forcefully

across the solar surface (Pesnell, 2008).

2.3.1.3 Solar Maximum

The solar maximum is when activity in the cycle peaks. It is the period when the number of
sunspots are at a maximum with frequent solar flares and ICMEs. This results in the formation of
intensely magnetically active regions, with flare intensity increasing to M and X-class (Hady et
al., 2015). The Sun’s magnetic poles reverse during this period, a characteristic of the magnetic
dynamo process. The strong ultraviolet and X-ray emissions profoundly affect the upper Earth’s
atmosphere, resulting in ionospheric disturbances and enhanced satellite drag. Solar radiation
storms are also more dangerous for space-based systems and astronauts (Hathaway, 2015;
Schwenn, 2006).

2.3.1.4 Descending Phase

After the maximum, the declining or decreasing phase is characterized by the continuous
decrease in sunspot numbers and solar activity. The occurrence and magnitude of flares and
ICMEs decrease, and the Sun’s magnetic field starts organizing towards the next polarity
reversal. Coronal holes again become the main source of solar wind. Nevertheless, the
decreasing geomagnetic activity is still high because of continuous HSSW (Gopalswamy, 2006;
Owens & Forsyth, 2013).

2.3.2 Solar Cycle 24

The numbering of solar cycles began with the work of Rudolf Wolf in the mid-19th century.
Wolf, a Swiss astronomer, was instrumental in establishing a systematic approach to recording
the number of sunspots, which is a key indicator of solar activity. He introduced the concept
of the relative sunspot number and organized regular observations, which allowed for the
identification and numbering of solar cycles. He analyzed historical data and established the

11-year periodicity of solar activity, which is now known as the Schwabe cycle (Clette et al.,
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2014).

Figure 2.1: The image shows how solar cycle 24 progressed, with respect to increasing sunspot
numbers, towards maximum phase and the gradual decline towards minimum phase. In the
background, Europe’s PROBA2 satellite (payload: SWAP extreme UV imager) took 11 snap-
shots of the progression of solar cycle phases corresponding to sunspot numbers. Source:
https://www.theweathernetwork.com/en/news/science/space/what-are-the-northern-lights-w
hat-causes-them-and-where-can-they-be-seen.

The first numbered cycle, solar cycle 1, was identified to have started in 1755 and prevailed
till 1766. This retrospective identification was based on Wolf’s analysis of historical sunspot
records (Vasiljeva & Pishkalo, 2021). This systematic approach to numbering solar cycles has
continued to the present, allowing for a clearer understanding of solar activity (Wickramasinghe
et al., 2017).

Figure 2.1 shows the progression of solar cycle 24, which commenced in December 2008 and
concluded in December 2019. The maximum phase of solar cycle 24 occurred in April 2014,
when the maximum number of sunspots was 121 per day. The minimum number of sunspots
was 4 per day in December 2019 (Kaplan, 2024). The criteria and distribution of the solar
cycle 24 into phases for undertaking this study has been elaborated in Chapter 3 and depicted
in Figure 3.7 .

2.4 Solar Wind and Interplanetary Magnetic Field (IMF)

Solar wind is a stream of charged particles released from the upper atmosphere of the Sun,
known as the corona (Raouafi et al., 2021). This plasma consists primarily of electrons, protons,

and alpha particles with kinetic energies ranging from 0.5 to 10 keV (Schwenn, 2006). The
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outflow occurs because the high coronal temperatures above one million K provide sufficient
kinetic energy to allow particles to escape the Sun’s gravitational pull, (Parker, 1958). The solar

wind plays a crucial role in shaping the heliosphere and influencing space weather phenomena.

The interaction between solar wind and Earth’s magnetosphere results in various geomagnetic
effects. The magnetic field components on Earth’s surface can be quantitatively related to
solar wind plasma parameters by means of regression analysis methods (Feldstein & Levitin,
1986). These interactions are vital for understanding geomagnetic storms and their impacts on

technological systems.

The interplanetary magnetic field (IMF) extends the influence of the solar magnetic field
throughout the solar system through the solar wind. The IMF exists as three components, which
the scientific community describes by means of B,, B, and B, measurements in geocentric
solar magnetospheric (GSM) or geocentric solar ecliptic (GSE) coordinates. The B, component
is the radial component, which represents the magnetic field strength of the IMF in the direction
away from or towards the Sun. The B, east-west component, exists within the ecliptic plane
because it shows the spiral structure that solar rotation creates in the IMF. The north-south
component, B,, plays a crucial role in geomagnetic activity because a southward (negative
B,) direction enables magnetic field reconnection with Earth, which can lead to geomagnetic

storms. The total magnetic field strength (B,) can be defined as:

B, = /B; + B} + B,

B, functions as an indicator of the total magnetic field strength that the solar wind transports.

The solar wind interacts with the magnetic field of Earth through its magnetic field compo-
nents, B,, By, B, and B, components. During calm intervals, the IMF maintains its stable spiral
structure as IMF B, shows minimal fluctuations around zero while B, remains at low values
of 4 and 6 nT near the Earth, which leads to stable geomagnetic conditions (Gonzalez et al.,
1994). The IMF B, shifts to a southward direction during disturbed periods, which includes
high-speed stream arrivals and ICMEs, thus enabling solar wind plasma to connect better with
Earth’s magnetosphere through magnetopause magnetic reconnection (Gonzalez et al., 1994;
Tsurutani et al., 1988). The northward orientation of the IMF B results in reduced geomagnetic
activity because reconnection rates are suppressed (Tenfjord et al., 2017). The increase in B, (10
to 20 nT or more) generates plasma convection, increasing geomagnetic disturbances (Tenfjord
et al., 2017). B, and B, variations control the entry directions of the solar wind structures
upon interaction with the magnetosphere, which determine space weather outcomes and affect

radiation belt dynamics and ionospheric current behavior (Tsurutani & Lakhina, 1997). The
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accurate prediction of geomagnetic storm intensity depends on understanding how IMF vector

components modulate solar wind dynamics.

2.5 Ionosphere

The ionosphere is an ionized plasma region of Earth’s upper atmosphere, extending from
about 50 km to 1,000 km above the surface of the Earth. It plays a significant role in atmospheric
electricity and affects radio wave propagation. The solar radiation, particularly the ultraviolet
(UV) and the X-rays, ionize the neutral atmospheric gases, forming the positive ions and
free electrons (Chemin, 2023). Different layers are formed due to altitude-specific ionization
processes. The D-region (50 to 90 km) is the lowest layer formed by the solar X-rays. The
E-(Kennelly-Heaviside Layer) and F-regions extend from 90 to 150 km and 150 to about 500
km, respectively. Both regions are primarily affected by the UV radiation (Nicholls, 1993;
Eshtemirovich et al., 2023).

2.5.1 Current Systems in the Ionosphere

Ionospheric currents are the main source of the regular geomagnetic field variation of a few
tens of nT as discerned from ground observations. There are different current systems within the
ionosphere, as shown by Figure 2.3. These systems are the EEJ, Sq currents, auroral electrojets,
and field-aligned currents (FACs). The amplitude and phase variations are characterized by
the solar quiet (Sq) variations, which depend on solar local time (SLT). Sq is a quiet diurnal
variation because it is only prominent in geomagnetic field records when disturbances driven
by the solar wind are absent. The Sq variations are also known as solar regular (Sr) variations.
(Yamazaki & Maute, 2017).

Ionospheric currents are generated when there is a disparity in drift velocities between
electrons and positive ions when these charged particles collide with neutral gas molecules.
This process leads to an accumulation of space charge with polarization electric field (E),
resulting in a total electric field Ijlt =E+ chiﬁ
Earth’s magnetic field and c is the speed of light (Hall, 1966).

, where U is the velocity of neutral gas, B is the

The ionospheric wind dynamo is responsible for the generation mechanism of Sq variations.
Yamazaki and Maute (2017) describes the ionospheric wind dynamo theory. The ionosphere’s
dynamo region spans the area at an altitude between 90 and 150 km (E-region), where ion-neutral
collision rates match or exceed ion gyro-frequency, but electron-neutral collisions remain much
slower than electron gyro-frequency. The magnetic field lines trap electrons, while ions follow

neutral wind movements. The plasma bulk motion results from ion-neutral collisions. The
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ionospheric wind dynamo, also known as the E-region dynamo, operates primarily through
the interaction between solar radiation and neutral particles. Solar activity influences the
ionosphere by increasing ionization levels during daylight hours, which enhances conductivity.
This increased conductivity is essential for sustaining the dynamo as it facilitates the generation

of currents within the ionosphere (Baker & Martyn, 1953).

Assuming a magnetized plasma at steady state (under consideration of only origins of
aeronomic or external processes, which dismiss local dynamical terms), the neutral particles
collide with plasma to drive electric currents under the influence of the geomagnetic field (B),
flowing with a plasma flow velocity (V). The electric field (E) generated is defined by equation
2.1:

E =-VxB. (2.1)

As E is not curl-free, then according to Faraday’s law, the curl of the field according to
magnetic perturbations b arising from the main field of Earth is:
—ob

VxE = —. 2.2
5t (2.2)

Magnetic perturbations related to ionospheric currents (J) can also be expressed in the form of
Ampere’s law:
Vxb=puyl. (2.3)

where (1 18 the vacuum permeability.

The steady state assumption can be valid for a global ionospheric model. Ohm’s law for

steady state current density J is shown in equation 2.4:

J=0c(E+UXxB). (2.4

where U is the neutral wind velocity, E is the electric field, B is the Earth’s magnetic field, and
o 1s a finite anisotropic conductivity tensor in partially ionized plasma with abundant collisions

depicting the terrestrial ionosphere.

The ionospheric region has anisotropic conductivity tensors. The one parallel to the geo-
magnetic field is called parallel conductivity (7)) and is driven by the parallel electric field
component (E). The perpendicular currents (E ) in the orthogonal direction to B is called
Pederson’s conductivity (op), while Hall’s conductivity (o) is perpendicular to both B and
E. Parallel conductivity is of much greater magnitude than perpendicular conductivities. This

causes electric currents to organize and distribute according to the geomagnetic field.
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Ohm’s law thus can be re-stated as:

B
J:0-||E||+O—P(EJ_+UXB)+O—HHX(EJ_+UXB)‘ (2.5)

Equation 2.5 is central to describing the ionospheric wind dynamo, associating winds, electric
currents, electric fields, conductivities, and relevant current systems. The dynamo model can
be used to depict wind distributions by calculating electric fields and currents, and can further

predict upper atmospheric properties.

The above-mentioned process is illustrated by Figure 2.2 adapted from Vasylitinas (2012).

Figure 2.2: The diagram shows the development of the neutral wind ionospheric dynamo.
Diagram source: Vasylitinas (2012).

2.5.2 Solar Quiet (Sq) Current System

Sq current variations are a significant current system of the ionospheric E-region dynamo in
the low- and mid-latitudinal regions. The amplitude and phase variations of the geomagnetic

horizontal component on a quiet day result from the current system in the E-region dynamo.

Despite the limited studies on Sq anomalies, in-depth research on Sq variations has signifi-
cantly improved the understanding of baseline determination for geomagnetic indices (Gjerloeyv,
2012), the electrodynamics of the ionosphere, ionospheric interaction of the lower atmosphere
with the magnetosphere (Richmond, 1995), solar radiation monitoring (Svalgaard, 2016), and
internal electrical conductivity (Campbell et al., 1998; Okeke & Obiora, 2016; Abbas et al.,
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2019).

Figure 2.3: Illustration of all ionospheric currents. The simple geometry of the Sq current system
is depicted, which is the source of the regular or normal quiet variations of the geomagnetic
field. The direction of the Sq currents in each hemisphere is shown by arrows. Image source:
Maus (2016), https://cedarscience.org/sites/default/files/workshops/2016/igrf-2016.pdf.

Understanding a two-dimensional equivalent current system flowing in a spherical thin
shell at 110 km is pertinent to interpreting the diurnal quiet variations recorded in ground
magnetometer data. The thin shell configuration in Figure 2.3 depicts the horizontal span of
the Sq current system as being approximately 20,000 km (size of the dayside Earth), while the
vertical span is close to 100 km (Yamazaki & Maute, 2017). Figure 2.4 depicts the shape of the
Sq current systems that form two vortices, counterclockwise and clockwise in the Northern and
Southern Hemispheres, respectively, for solar minima and maxima. The central point of the Sq
current systems forms the focus, which records the least variations in Sq, such that AH (similar
to calculation of Sq(H)) crosses the zero value axis before changing direction. This shows that
the observatory is either close to the Sq focus or directly underneath it. The Sq current system
can be derived from observed Sq diurnal variations on the Earth’s surface using geomagnetic

field measurements and potential theory (Shiraki, 1973).

The E-region dynamo, which depends on direct solar irradiation, powers these cells; thus, the
current systems are concentrated on the day-side. The Sq currents receive strong modulation
from atmospheric tides because they are coupled to the neutral atmosphere in the dynamo
region. The Sq currents experience their primary control from the 24-hour tide, which operates
as the main driver among the global-scale oscillations that include 24 hours, 12 hours, 8 hours, 6
hours, and their subsequent harmonics (Maeda, 1955; Kato, 1957; Lindzen & Chapman, 1969).
The tropospheric infrared radiation absorption, together with stratospheric ozone absorption,
leads to upward-propagating tides through latent heat release. These waves grow exponentially

as they propagate upwards until they reach the dynamo region, where they develop horizontal
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Figure 2.4: Sq current systems are depicted with equivalent current functions at 110 km
altitude, forming two vortices counterclockwise and clockwise, in the Northern and Southern
Hemispheres, respectively, in kA, as simulated by the TIE-GCM model for a magnetically quiet
(K P = 0) equinox condition at 12:00 UT for (a) solar minimum (b) and solar maximum phases.
Image source: Yamazaki and Maute (2017).

wind amplitudes exceeding several tens of meters per second. The upward propagating tides
generate one-third of the total Sq currents (Yamazaki and Richmond, 2013; and Yamazaki et al.,
2014). The Sq current system produces distinct spectral peaks at 24h, 12h, 8h, and 6h, which
can be observed in the magnetometer measurements of the mid-latitudinal regions (Campbell,
2003).

Sq current systems exhibit considerable day-to-day fluctuations in shape, amplitude, and
phase. For instance, in the mid-latitudinal regions, the amplitude during a period of low solar
activity can vary up to 30 percent from the average amplitude during a period of intense solar
activity (Butcher & Brown, 1981b). The shape of the day-to-day variation for a number of
observatories in the Northern and Southern Hemispheres indicates the magnetic observatory’s
location in relation to the Sq foci (underneath the Sq focus or at low- or mid-latitudinal regions).
More detail is given in Section 2.8. The highly variable Sq amplitudes on consecutive quiet
days seem to be dependent on winds and tides in the neutral atmosphere. For more information,
studies by Kawano-Sasaki and Miyahara (2008), Jin et al. (2011), Fang et al. (2013), and
Yamazaki et al. (2014) may be consulted.

The ionosphere shows a direct correlation between its conductivity levels and solar activity.
This affects the amplitude and the focus position of the Sq current cells. The Sq amplitudes
and conductivity are typically two times larger during solar maximum than during minimum
(Takeda, 1999) as shown by Figure 2.4. In fact, the amplitude is linearly correlated with solar
proxies like F10.7 (Yamazaki & Maute, 2017). Furthermore, the 24h, 12h and 8h Fourier
components of the amplitude show a strong dependence on F10.7. The same relationship exists
for the phase of the 24h and 12h components, which determines the focus position that moves

to later local times with increasing solar activity (Olsen, 1993; Yamazaki & Maute, 2017).
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The Sq amplitude reaches higher levels during summer months than winter months at mid-
latitudinal regions because of extended solar irradiation. Peak amplitudes occur during both
equinoxes in low- and equatorial latitudes because of the equatorial electrojet and possible
equinoctial effects. The amplitudes during summer are around three times higher than during
winter, especially during the solar minimum phase (Takeda, 1999; Yamazaki & Maute, 2017).
The currents reach such low levels during winter that the Sq current cell may disappear and the
Sq focus vanishes (Campbell et al., 1993; Rastogi & Crandra, 1996; Stening & Winch, 2013).
The season exerts a substantial influence on the position of the foci latitudes. The foci latitudes
move to earlier local times during summer months as compared to the winter months in both
hemispheres (Campbell & Schiffmacher, 1987, 1988).

2.5.3 Equatorial Electrojet (EEJ)

Another dominant current system generated by the ionospheric dynamo is the EEJ as seen
in Figure 2.3. EEJ is a strong zonal current (east to west) flowing at the magnetic equator
where the two Sq current systems meet on the dayside. It is characterized by its strong jet-like
current stream, which significantly enhances the geomagnetic field near the magnetic equator
(Chapman, 1951). The EEIJ receives its driving electric fields from the ionospheric dynamo
system. The interaction between the global neutral wind system and Earth’s magnetic field
generates eastward zonal (Ey) and vertical (E) electric fields in the ionosphere (Moro et al.,
2016). The generation mechanism is the Cowling conductivity effect, which facilitates the Hall
current driven by the vertical DC electric field. This creates a secondary polarization electric
field due to the accumulation of charges at the conductance boundaries of the ionospheric wind
dynamo. This secondary polarization electric field enhances the current flow, which generates
the Cowling conductivity that drives the EEJ (Pfaff et al., 1997; Amm et al., 2011). Figure
2.5 depicts the electric fields and current sources generating the equatorial electrojet. The EEJ
reaches its peak intensity at local noontime and is more stable than other ionospheric current
systems (Casey, 2005). Its strength depends on the eastward electric field strength which can be
influenced by two-stream and gradient-drift instabilities. The current strength shows changes

mainly for high electric field values because of these instabilities (Alken & Maus, 2010).

The EEJ exists as a part of the Sq current system but operates as an equatorial extension
of this larger current system. Its connection to Sq currents exhibits complex behavior which
is dependent on the region of the Earth (MacDougall, 1979). It interacts with the Sq current
system by creating westward return currents on the flanks of the dip equator. The three primary
sources that contribute to the return currents are the curvature of the field lines in the dynamo
region, divergence of the east-west currents near the magnetic dip equator and the altitude
variation of local neutral winds peaking around 5° magnetic latitude (Onwumechili, 1992). The

EEJ operates independently from the Sq current because it exists as a self-contained system with
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Figure 2.5: An illustration depicting the equatorial electrojet electric fields and current sources.
Image source: Anderson et al. (2004).

complex operational dynamics. The EEJ-Sq relationship shows different patterns in various
regions because local conditions, like geomagnetic conditions and atmospheric processes, affect
these current systems (Bespalov & Savina, 2012). Its response to atmospheric waves, in addition
to external electromagnetic effects, creates additional complexity in its relationship with the Sq
current system (Onwumechili, 1992). The EEJ causes substantial geomagnetic field changes
at the dip equator which is attributed to Sq current system interactions (Hamid et al., 2013).
It shows a weak relationship with Sq currents and various longitudinal sector differences; for
example, the Southeast Asian sector demonstrates a weak positive relationship, while the South
American and Indian sectors show negative relationships (Hamid et al., 2014). However,
Rabiu et al. (2025) used the transfer entropy approach to show that the EEJ-Sq current coupling
demonstrates significant information exchange between these two systems, involving directional

flow between the current systems.

2.6 Inter-Hemispheric Field-Aligned Currents (IHFACs)

Inter-hemispheric field-aligned currents (IHFACs) play a crucial role in understanding the
geomagnetic field variations and their underlying mechanisms. These currents are primarily
driven by asymmetries in ionospheric conductivity, influenced by solar radiation and seasonal
variations. During summer-winter conditions, when one hemisphere is in the summer season

and the other in the winter season, the conductivity contrast is most pronounced, leading to
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significant IHFACs (Lyatskaya et al., 2014b, 2014a). Seasonal variations play a crucial role
in modulating IHFACs; for instance, during the June solstice, currents flow from the summer
hemisphere (Northern Hemisphere) to the winter hemisphere (Southern Hemisphere), while
during the December solstice, the flow reverses (Liihr et al., 2019; Yamashita & Iyemori, 2002).

The dynamo action within the ionosphere leads to vertical electric charge separation on the

Figure 2.6: An illustration depicting the current systems of the magnetosphere, plasmasphere,
and ionosphere. The IHFACs influence and connect the Sq current systems of both hemispheres.
Image source: Olsen and Stolle (2017).

dayside, further impacting the geomagnetic field (Fukushima, 1979). On quiet days, ionospheric
currents generate global perturbation magnetic potential patterns at ground level. Approximately
50 kA of current flows overhead in the ionosphere between each pair of contours, moving
counterclockwise in the Northern Hemisphere and clockwise in the Southern Hemisphere.
These effects are concentrated in the daylit hemisphere due to higher daytime ionospheric
conductivities (Richmond, 1979).

The formation of IHFACsS is closely tied to the solar quiet (Sq) current system, since this
system generates currents in both hemispheres, and IHFACs act as a bridge between these
hemispheric current systems, ensuring the closure of currents on a global scale (Liihr et al.,
2015, 2019). The connection between IHFACs and the Sq system is evident in their diurnal and
seasonal variations; for example, the amplitude of IHFACs is modulated by solar activity, with
higher amplitudes observed during periods of higher solar radiation (Archana & Arora, 2024;
Ranasinghe et al., 2021). Additionally, the longitudinal dependence of IHFACs, influenced
by the SAA and non-migrating tides, further highlights their intricate relationship with the Sq
system (Park et al., 2011; Liu et al., 2024).
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At low-latitudinal regions, zonal winds drive ionization across magnetic field lines in the
E-region, producing electric fields that map into the F-region and result in vertical drifts
of ionization. These drifts are pivotal to forming features such as the equatorial anomaly
(Titheridge, 1995). Additionally, meridional winds facilitate an inter-hemispheric flow of
ionization, which can modify the size of equatorial anomaly peaks. This interplay between
wind-driven ionization and field-aligned currents is fundamental to understanding normal and

abnormal variations in Sq currents.

Furthermore, Van Sabben (1966) suggested that divergence-free anti-symmetrical currents
confined to the ionosphere might contribute to equinoctial asymmetry. This hypothesis high-
lights another layer of complexity in understanding inter-hemispheric current systems and their
effects on geomagnetic field parameters. The IHFAC interaction with the Sq currents of the
Northern Hemisphere and Southern Hemisphere is depicted in Figure 2.6, showing the internal
and external current systems alongside the heights of the Sq currents (80-110 km), FACs (90
km and altitudes > 10000 km) in the polar latitudes of the Northern and Southern Hemisphere
and IHFACs (90-1000 km).

Above an altitude of ~150 km, partial cancellation of ionospheric currents due to complex
wind structures can alter height-integrated current amplitudes by up to 25% (Rees, 1979).
This variability is crucial for investigating correlations between data samples and variations
as manifested in the ground-based magnetograms, potentially supporting or rejecting existing

hypotheses about electric field models.

Overall, these insights collectively underscore the importance of IHFACs in shaping our
understanding of geomagnetic field variations during quiet times. By refining models and
considering various contributing factors such as solar wind parameters, interplanetary magnetic
fields, and ionospheric conductivity, researchers have developed a more comprehensive picture
of how these currents influence geomagnetic phenomena across different latitudes and seasons.
Studies by Rastogi and Patil (1992), Baker (1953) and Schmucker (1999) greatly advanced our
understanding, as did studies which integrated satellite data with ground measurements (Park
etal., 2011; Bolaji et al., 2012; Owolabi et al., 2018; Park et al., 2020; Ranasinghe et al., 2021;
Fillion et al., 2023; Wang et al., 2023).

The existence of field-aligned currents above the ionosphere in high latitudes was first hypoth-
esized by Van Sabben (1966). Subsequently, several numerical calculations were undertaken
which anticipated the local time dependence of IHFACs (Van Sabben, 1969, 1970; Schieldge
et al., 1973; Maeda, 1974; Stening, 1977; Takeda, 1982).

Fukushima (1994) devised a foundational framework for understanding ionospheric currents

and field-aligned currents (FACs) in the Earth’s magnetosphere. It emphasizes the role of the
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Figure 2.7: The illustration indicates the polarity of the IHFACs for different seasons according
to Fukushima (1994). The magnetic field data of Davao (geographical latitude 7°N, geographical
longitude 124.5°E) for the period August 2008 to July 2020 was utilized. The declination (D)
component (east-west) of the magnetic field was used after computing the daily variation relative
to the baseline. Image source: Ranasinghe et al. (2021).

geomagnetic field configuration in shaping large-scale ionospheric electrodynamics. The model
incorporates the effects of the Earth’s asymmetrical magnetic field, which deviates from a pure
dipole configuration, and its impact on ionospheric currents and FACs (Le Sager & Huang,
2002). The Fukushima model underscores the importance of geomagnetic field asymmetry,
which arises from non-dipolar components of the Earth’s magnetic field. This asymmetry
significantly affects the distribution and intensity of FACs and ionospheric currents (Le Sager &
Huang, 2002; Gasda & Richmond, 1998). Seasonal movement of IHFACs derived from ground
magnetic field data is depicted in Figure 2.7. During solstices, the eastward currents (indicated
in red) flow from the Northern Hemisphere to the Southern Hemisphere at dawn (06:00 till 08:00
SLT), and westward currents (indicated in blue) from the Southern Hemisphere to the Northern
Hemisphere at noon (11:00 till 13:00 SLT) and dusk (14:00 till 16:00 SLT) (Ranasinghe et al.,
2021). During the autumnal equinox, the eastward currents flow from the Northern Hemisphere
to the Southern Hemisphere at dawn and dusk, but the noontime currents remain the same as
the solstices (Ranasinghe et al., 2021). The incorporation of this phenomenon is essential for
comprehending the seasonal variations observed in geomagnetic parameters at low- and mid-
latitudinal regions. The intensity and distribution of IHFACs vary with geomagnetic activity,
solar wind conditions, and the orientation of the geomagnetic field. These variations are
particularly pronounced during the equinoxes and solstices (Tsunomura, 1999; Aruliah et al.,
1996).
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Simulation studies were undertaken by Richmond and Roble (1987) and Takeda (1990) to
illustrate how the IHFACs transit across the equator. The presence of IHFACs was observation-
ally detected by satellite observations by the MAGSAT, @rsted, CHAMP and Swarm satellites.
These satellite observations led to the identification of climatological details according to lat-
itude, longitude, atmospheric heights and seasons (Olsen, 1997; Yamashita & Iyemori, 2002;
Park et al., 2011; Liihr et al., 2015; Wang et al., 2023). This discovery laid the foundation for

further investigations of the behavior and effects of these currents.

2.7 The Earth’s Magnetic Field

The Earth produces a vast magnetic field that extends from the interior of the Earth into space
and interacts in space with the solar wind. The invisible geomagnetic field around Earth has the
vital life-supporting function of protecting the planet from dangerous space and solar radiation.
The geomagnetic field forms a dipole configuration that resembles a bar magnet, which is tilted
by about 10° from the rotation axis of the Earth (Courtillot et al., 1992). The geomagnetic field
deviates from simple dipole behavior, since it displays multiple temporal and spatial variations
(Kivelson & Russell, 1995).

Many essential applications are derived from Earth’s geomagnetic field and its operation
thus requires a thorough understanding. It is produced deep inside the Earth and affects a
broad spectrum of phenomena, such as the polar auroras, which are visible manifestations of
the interaction between the solar wind and the Earth’s magnetic field (Jault et al., 1999). The
magnetic field plays a crucial role in navigation, as it influences the orientation of compass
needles, and has thus provided a reliable means of direction-finding for centuries (Herrmann
& Vorbach, 2020). Navigation systems on spacecraft and submarines rely on the geomagnetic
field to determine their position. Scientists studying space weather use the geomagnetic field
as a primary tool to forecast the effect of solar storms on communication systems, satellites,
and power grids (Pulkkinen, 2007). Geophysicists employ magnetic data to conduct mineral
exploration and archaeological dating, and to understand plate tectonics and Earth’s internal

processes (Jacobs, 1987).

2.7.1 Structure of the Earth’s Interior

The Earth consists of four concentric shells, the crust and the mantle, the outer core and the
inner core, as can be seen in Figure 2.8. The outermost layer of the Earth is the crust, which
is thin and solid and forms the continents and ocean floors. Beneath the Earth’s crust lies the
solid, but plastic mantle, which reaches depths of approximately 2,900 kilometers. The core

beneath the mantle consists of two parts: the liquid outer core and the solid inner core. The
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outer core functions as an electrically conductive molten iron-nickel mixture which is subject

to vigorous convection as it generates the magnetic field (Stacey & Davis, 2008).

Figure 2.8: The layers of the Earth’s interior are defined according to their depth. Image credit:
NRCan; source: https://geomag.nrcan.gc.ca/mag_fld/fld-en.php.

2.7.2 Geodynamo Theory

The geodynamo theory explains how electrically conducting fluids moving within the outer
core, generate and sustain the Earth’s magnetic field. Gradual inner core solidification along
with radioactive decay produces heat, which creates convective motions within the outer core.
The combination of molten metal currents with Earth’s rotation-generated Coriolis effect creates
spiral patterns of fluid movement, as depicted in Figure 2.9. The cylindrical columns twisted
by the Coriolis effect (indicated by blue arrows) organize the magnetic field lines into a dipolar

field — one that has a distinct north pole and a distinct south pole represented by white lines.

The movement of an electrically conducting fluid through an existing magnetic field produces
electric currents. According to Faraday’s law of electromagnetic induction (Sreenivasan, 2010),

these currents produce their own magnetic fields as defined by the following equation:

0B

— =Vx(uxB)+ nv’B (2.6)
where, B represents the magnetic field, u is the velocity of the fluid, 7 is the magnetic diffusivity
and V represents the gradient operator. The velocity of the fluid u shears, stretches, and twists
the existing magnetic field lines, a process which drives currents (J;,4) that act to amplify or
reorganize the magnetic field. Currents induced by fluid motion (J;,4) are the source of field

generation and amplification. They are described by the term V X (u X B). The dissipation of
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the total field-producing currents (J) leads to the decay of the field. This is described by the
term anB.

The fluid motion creates a self-sustaining dynamo through which kinetic energy transforms
into magnetic energy as a result of magnetic field and fluid motion interactions. The feedback
mechanism sustains the geomagnetic field across geological periods (Glatzmaiers & Roberts,
1995).

Figure 2.9: The internal sources of the Earth’s dynamo. Image source: Gvishiani and Soloviev
(2020).

The inherent non-linearity of the dynamo system produces chaotic behavior, which leads
to both geomagnetic secular variations and periodic polarity reversals studied by researchers
through paleomagnetic analysis of geological records. Numerical simulations of the geodynamo
as done by Glatzmaiers and Roberts (1995) have generated important findings regarding the

complex nature and extended durability of the field.

2.7.3 Magnetosphere

First explained by Gold (1959), the magnetosphere is the region of influence of the Earth’s
magnetic field above the ionosphere. It holds the motion of charged gas particles. The
magnetosphere is an integral part of Earth’s space environment, playing a crucial role in the
dynamics of geomagnetic field parameters under both quiet-time Sq currents and geomagnetic

storms. The magnetosphere is defined as the region around Earth where the planet’s magnetic
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Figure 2.10: An illustration of the Earth’s magnetosphere-the region of space dominated by the
Earth’s magnetic field but constrained by the impinging solar wind and IMF. Image Source:
Case (2014)/ESA (C. T. Russell).

field dominates over the solar wind’s influence. This area is characterized by various current
systems, including field-aligned currents that connect the ionosphere to the magnetosphere.
These currents are particularly significant in near-pole regions, where they exhibit distinct
patterns based on solar activity and IMF conditions (Feldstein & Levitin, 1986). Figure 2.10

shows the Earth’s magnetosphere and its components.

The solar wind induces reconnection events that occur at the dayside magnetopause when the
IMF links with Earth’s magnetic field. The IMF connection becomes stronger during southward
orientations because it facilitates magnetic flux movement to the magnetotail (Russell, 2002).
The magnetotail stores transferred magnetic flux before releasing it through reconnection events.
The energy released from this process maintains the magnetospheric structure while producing
substorm events according to Sinha et al. (2010) and Bengtson (2017). The reconnection
process generates FACs to transfer magnetospheric energy into the ionosphere. The magnetic
field orientation and speed of solar wind determine the formation of these current systems,
which control Dungey cycle flux circulation within the magnetosphere (Fleetham et al., 2023).
The stability of geomagnetic fields depends on the ring current and magnetotail currents that
develop from reconnection. Solar wind-driven variations affect the magnetosphere’s external
response and its current system operation (Liihr & Maus, 2010). The energy distribution pattern
due to magnetic reconnection supports geomagnetic field sustainability in the magnetosphere
and ionosphere. Dorelli (2019), along with Liihr and Maus (2010), agree that this equilibrium

prevents large-scale geomagnetic disruptions.

The outer magnetosphere is a region characterized by complex interactions between the

solar wind and the Earth’s magnetic field. These interactions lead to various phenomena that
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significantly influence geomagnetic field parameters and quiet-time Sq currents. The structure
and dynamics of the outer magnetosphere are essential for understanding the overall behavior of
the magnetosphere and plasmasphere. The convectional circulations within the magnetosphere,
as described by Axford and Hines (1961), play a crucial role in interpreting the physical results
obtained from observations. This circulation is driven by the solar wind and can be modeled in
order to understand the distribution of electric fields and currents in this region (e.g., Feldstein
& Zaitzev, 1968).

Field-aligned currents at high latitudes are controlled by parameters such as velocity, density,
and temperature of the solar wind. These currents exhibit distinct distributions based on these
controlling factors (Levitin et al., 1982). The interaction between solar wind and Earth’s mag-
netic field at the magnetopause results in complex variations that are crucial for understanding

geomagnetic disturbances.

2.8 Identification of Normal and Abnormal Quiet Days in

Geomagnetic Observatory Data

Earlier studies contribute to the understanding of the definitions of normal and abnormal
quiet days and their limitations. The ideal Sq schema and the different normal and abnormal
Sq variations on quiet days (QDs) are explained with examples to show their relative variations

due to changing Sq foci positions.

2.8.1 Literature Definitions of Normal and Abnormal Quiet Days

Normal quiet days (NQDs) are the days with regular local time variations in the H or X
component of the geomagnetic field variation, where the maximum magnitude is achieved
between 10:30-13:30 SLT for low-latitudinal magnetic observatories (Last et al., 1976; Sastri,
1982). If the maximum Sq(H) magnitude is found outside this time interval, then those days are
termed as abnormal phase-shifted quiet days (APQDs) (Last et al., 1976; Sastri, 1982). For a
mid-latitudinal observatory, if the minimum magnitude of Sq amplitude in nT is achieved within
+2.5 hours centered around 11:30 SLT, then the quiet day is a NQD (Brown, 1974; Butcher &
Brown, 1981a). If the minimum SQ amplitude on a quiet day doesn’t fall within this criterion,
then the day is defined as an APQD.
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2.8.2 Observations of NQDs in Magnetograms

Magnetic variation observed at ground observatories on a quiet day in 2009 is shown in
Figure 2.11. The figure shows Sq(H) variations as observed in the ground magnetometer data
in the Asia-Australian sector along 140° - 180°E longitudes in the Northern Hemisphere (a) and
along 100° - 155°E in the Southern Hemisphere (b). The equivalent current vectors (ECVs)
were computed by using the X and Y components of observatories in the Northern Hemisphere
and Southern Hemisphere and by combining them into vectors, rotating them by 90° and
plotting them as currents (Vichare et al., 2017; Soloviev et al., 2019; Gvishiani & Soloviev,
2020). The ECVs confirmed the direction as anti-clockwise in the Northern Hemisphere and
clockwise in the Southern Hemisphere, and the calculated Sq focus positions within +35°
magnetic latitude, according to Nopper (1978) and Matsushita (1967) (Figures 2.11 (a) and
(c)). The magnetograms clearly showed a peak for observatories in the Northern and Southern
Hemispheres lying below the Sq foci within the shaded time slots for low latitudes. Similarly,
for observatories in the Northern Hemisphere and Southern Hemisphere lying above the Sq foci
positions (mid-latitudinal), a dip was observed (Figure 2.11 (b) & (d)). A phase shiftis observed
for the low-latitudinal observatory (CTA in blue, Figure 2.11 (d)) in the Southern Hemisphere,
whereas the rest of the observatories displayed NQDs.
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(a) ECVs in NH (b) Magnetograms of NH

() ECVs in SH (d) Magnetograms of SH

Figure 2.11: The illustration depicts the NQDs in the Asia-Australian sector on 6 March
2009. The equivalent current system plots for the NH (a) show the Sq foci positions (red dots)
found at 35°N and for the SH (c) show the Sq foci positions at 32°S magnetic latitudes. The
magnetograms (b) and (d) depict NQDs (dashed lines in maroon) for magnetic observatories in

the Asia-Australian sector. The magnetic coordinates are used.
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2.8.3 Ideal Sq Schema and its Observational Relation to Sq Focus Position

According to Nopper (1978) and Matsushita (1967), during magnetically quiet times, the Sq
current system has two spirals in the day-side hemisphere centered at about +35° latitude around
11:00 SLT in the Northern Hemisphere, and at around 12:00 SLT in the Southern Hemisphere
(Figure 2.12). The centers of these spirals or vortices are referred to as Sq focus positions.
Recent studies (e.g. Anad et al., 2016; Soloviev et al., 2019) define an ideal Sq schema as
having Sq focus at +30° magnetic latitude, as depicted in Figure 2.13.

Figure 2.12: Current vortices of

anormal Sq current system in the Figure 2.13: An illustration of the ideal Sq foci positions
Northern/Southern Hemispheres. found at +£30° magnetic latitudes. Image source: Anad
Image source: Yamazaki (2015). et al. (2016).

According to the ideal Sq schema, for a low latitude observatory in the Northern Hemisphere
and below the Sq focus latitude, the peak is observed in the H or X component of Sq variations
within the NQD time range. Similarly, a dip is observed at a mid-latitudinal observatory located
higher than the Sq focus latitude within the NQD time range. The same is true for low- and
mid-latitudinal observatories in the Southern Hemisphere (Figure 2.13). However, variation has
been observed on NQDs where the Sq focus position determines the peak or dip of any low- or
mid-latitudinal observatory. An example is shown in Figure 2.14, where for the KNY (24.58°N,
mlat) and CNB (45.1°S, mlat) observatories, both peaks and dips are seen for different NQDs
(11 November and 8 December 2009). The Sq focus position in the Northern Hemisphere was
located at 30°N magnetic latitude and hence, the normal peak was observed at KNY. In the
Southern Hemisphere, the Sq focus was found at 37°S magnetic latitude, hence the normal dip
was observed at CNB. Similarly, on 8 December 2009, the Sq foci positions in the Northern and
Southern Hemispheres were found at 12°N and 53°S magnetic latitudes respectively. Hence, a

normal peak and dip can be observed at CNB and KNY, respectively.
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Figure 2.14: NQDs in NH and SH on 11 November 2009 (maroon) and 8 December 2009
(maroon-dashed) in the Asia-Australian Sector. The magnetic coordinates are used.

2.8.4 Irregular Movement of Sq Current Focus positions and Quiet Day

Variation

The concept of QD variation of Sq foci latitudes is integral to understanding geomagnetic
variations and ionospheric dynamics. The positions and movements of Sq foci, or centers of
these current systems, are critical for understanding geomagnetic field behavior. The variability
in the latitude of Sq foci can be influenced by negative magnetic perturbations. Determining
true focus positions requires analyzing days without such perturbations, emphasizing seasonal
variations and its impact on geomagnetic models (Butcher & Brown, 1981b). Both theoretical
models and observed values at the mid-latitudinal regions offer steady features that help measure
total current flows within Sq foci vortices and thus offer insights into their day-to-day variations,
especially on QDs (Forbes & Garrett, 1979).

Accurate estimation of foci latitudes on magnetically quiet days involves considering hor-

izontal intensity values at specific meridians. Comparing these results with historical data

31



CHAPTER 2. LITERATURE REVIEW

provides insights into long-term trends and variations within the Sq current system (Hasegawa,
1960). The statistical analysis highlights that small-scale southward perturbations modulate
the normal diurnal development of Sq and the electrojet current systems around their usual
maximum times. This modulation is responsible for phase variability in Sq on NQDs within

equatorial electrojet regions (Sastri, 1982).

In summary, understanding the variation of Sq foci on NQDs involves examining normal
and abnormal variations in these currents, their models, and influences from magnetospheric
currents. The interplay between solar activity, ionospheric dynamics, lunar tides, changes in the
Sq focus positions and inter-hemispheric currents is essential for comprehending the behavior
of geomagnetic fields during quiet periods (Patil et al., 1983; Hall, 1966; Gupta, 1973; Torta
et al., 1997; Brown, 1975).

2.8.5 Observations of APQDs in Magnetograms

Examples of abnormal magnetic variation observed at ground observatories on a QD in
2009 are shown in Figure 2.15. The ECVs were computed by using the X and Y components of
closely located magnetic observatories in the Northern Hemisphere and Southern Hemisphere
lying within the African-European longitudinal sector. Thus, ECVs confirmed the calculated
Sq foci positions beyond +35° magnetic latitude that were not the ideal Sq schema in relation
to APQDs (Figure 2.15 (a) and (c)).

The magnetograms clearly show unusual peaks for observatories in the Northern and South-
ern Hemispheres lying below the observed Sq foci positions, where dips would have been
expected (Figure 2.15 (b)). Since the Sq focus is at 54°N, the mid-latitudinal observatories
of ESK (52.37°N, mlat) and KIV (46.3°N, mlat) show APQDs as positive peaks outside the
shaded regions. The double peaks of EBR (34.97°N, mlat) were compared and the one with the
highest amplitude is positive, but lying within the normal quiet time period. Observatories in
the Southern Hemisphere, HER (42.48°S, mlat) and CZT (53.12°S, mlat), also depict APQDs
(Figure 2.15 (d)). Although the Sq focus position is at 45°S, HER shows a peak which is
phase-shifted and CZT shows a phase-shifted dip. The magnetograms clearly show peaks for
observatories in the Northern and Southern Hemispheres lying below the Sq foci (low-latitudinal
region) within the shaded time slots for low-latitudinal regions, indicating NQDs. Such Sq foci
positions observed at the upper mid-latitudinal regions during the December solstice have been

reported by, among others, Archana and Arora (2022).

Figure 2.16 shows APQDs overlaid on NQDs for the DOU and HER observatories in the
Africa-European Sector in 2009. For NQDs (25 September 2009), the Sq foci latitudes were
located at 36°N and 46°S magnetic latitudes, which clearly explains the dip and peak observed
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at DOU and HER, respectively. However, there were phase shifts in the dips observed on the
APQDs (2 April 2009). The Sq foci positions in the Northern and Southern Hemispheres were
at 39°N and 40°S magnetic latitudes, respectively. Hence, dips are phase-shifted at both DOU
and HER.

Quiet ionospheric currents exhibit average values that vary monthly and for each station,
providing insights into normal and abnormal variation in Sq currents. These variations are
smoothed and detrended to identify raw average Sq fluctuations, including sudden phase-shifts
(Campbell & Schiffmacher, 1985). Mid-day peaks observed during solstices at low-latitudinal
regions suggest significant diurnal influences on Sq variation, potentially leading to abrupt shifts
(Rastogi & Crandra, 1996). An examination of spatial distribution by means of magnetograms
revealed cases where modulation results in depression rather than in augmentation. Such cases

provide clear evidence of sudden shifts in geomagnetic field parameters during quiet days
(Onwumechili & Akasofu, 1972).

Solar activity significantly influences geomagnetic field parameters and the behavior of quiet-
time Sq currents. The intensity of solar activity, which varies with the solar cycle, impacts the
ionospheric conductivity and subsequently affects the Sq current system. According to Takeda
(2002), the enhancement of local conductivity due to solar activity leads to a linear increase
in the Sq field variation without any significant change in wind or electrostatic fields. This
suggests that while ionospheric winds may have some dependence on solar activity, their role
in Sq field variation is minimal when considering fixed monthly data. Sunspot cycle variation
also contributes to these shifts, with occurrences noted about 1 hour earlier at sunspot minimum

compared to sunspot maximum years (Sastri, 1982).
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(a) ECVs in NH (b) Magnetograms of NH

() ECVs in SH (d) Magnetograms of SH

Figure 2.15: The illustration depicts the APQDs in the Africa-European sector on 7 December
2009. The equivalent current system plot for the NH (a) shows the Sq focus position (red dot)
found at 54°N, and for the SH (c) shows the Sq focus position at 45°S magnetic latitudes. The
magnetograms (b) and (d) depict APQDs for magnetic observatories in the Africa-European
sector (blue lines). The NQDs are represented as dashed lines in maroon. The magnetic
coordinates are used. 34
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Figure 2.16: NQDs (dashed lines in maroon) are shown overlaid on APQDs (blue) as observed
in the NH and SH on 2 April 2009, and 25 September 2009 in the Africa-European sector. The
magnetic coordinates are used.

2.9 Types of Tilted or Deformed Sq Current Models

According to de Haro Barbas et al. (2013), deformed or tilted Sq current systems exist
under quiet geomagnetic conditions and account for asymmetries and shifts in the Sq current
system due to the changes in solar activity and the Earth’s magnetic field. The definition and
overview of normal and deformed or tilted Sq current models are essential for understanding
the geomagnetic field parameters and quiet-time Sq currents, especially at focal latitudes. The
variations of the Sq system have been described by different models, each describing how the
magnetic field components are influenced under specific conditions. These are manifested in
ground-level magnetic effects which are represented by a two-dimensional equivalent current
system expanded in a spherical harmonic series (Schieldge et al., 1973). Mayaud and IAGA
(1967) and Gupta (1973) provide a brief overview of the models R, T and F, and are summarized

in the following subsections.
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Figure 2.17: The illustration compares the normal Sq current model with the tilted Sq equivalent
current models R, T and F. Image source: Mayaud (1965) and Amory-Mazaudier (2005).

Figure 2.18: The illustration shows the variations of the deformed or tilted Sq equivalent current
models R, T and F. Image source: Scheepers (1978).

29.1 Model R

Model R serves as a baseline for understanding the daily variations of the magnetic field

components. It is characterized by the consistent shape of the H or X component variation,
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which remains stable across different latitudes. This indicates that NQDs have the ideal Sq
schema (Figure 2.13), such as model R, which ensures that the NQD conditions are fulfilled
with little to no variation at the latitude of the Sq focus. The H or X component variation retains
the same shape as the ideal Sq schema for model R, indicating that it does not significantly
change with latitude. This consistency is crucial for establishing a reference point for analyzing

other models.

2.9.2 Model T

The second and third rows of Figure 2.18 show the model T of the two-dimensional equivalent
current system. In the Northern Hemisphere, 73" has a tilt which depicts magnetic variations
shifted towards higher latitudes (%) in the morning (m), while 7" depicts a tilt with magnetic
variations shifted towards lower latitudes (/) in the morning. The tilt of the opposite variation
is valid for the Southern Hemisphere. In model T, the Sq variation in the H or X component
exhibits a maximum in the morning and a relatively larger amplitude minimum in the afternoon
at the focal latitude in the Northern Hemisphere for model 73", which is the opposite for 7;". This
means that the magnetic field experiences anomalous peaks and troughs throughout the day,
the knowledge of which can be critical for understanding local or global abnormal geomagnetic

conditions.

2.9.3 Model F

Model F introduces the concept of a shift in the focus, which can occur in two scenarios:
F, (focus shifted towards higher latitudes) and F; (focus shifted towards lower latitudes), as
seen in the fourth and fifth rows of Figure 2.18, respectively. F; pattern occurs when current
contours are closer together at lower latitudes, resulting in a different pattern of variation. For
model F;, the Sq focus is located at a lower magnetic latitude in the Northern Hemisphere. At
observatories below the Sq Focus position, there is a small dip between secondary maxima,
noticed by geomagnetic field observations, while above the Sq focus, this model exhibits a pure
minimum between two secondary maxima. The opposite is true for the Southern Hemisphere.
F,, occurs when current contours are closer together at higher latitudes, leading to a specific
pattern of magnetic variation, as depicted in the bottom panel of Figure 2.18. This dual behavior

highlights the complexity of magnetic variations and its dependence on latitude.

These models collectively enhance our understanding of the Sq system’s behavior and the

factors influencing abnormal geomagnetic variations.
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2.10 Summary

This chapter provided an overview of solar activity, solar wind conditions, the ionosphere
and quiet time regular current systems. The intricate relationship between solar activity and
geomagnetic field parameters highlights the importance of understanding the dynamics of the
ionosphere and its associated currents during quiet periods. The E-region dynamo plays a
crucial role in generating electric currents that significantly influence geomagnetic variation,
particularly the quiet-time Sq currents. These currents exhibit both normal and abnormal vari-
ations as observed in geomagnetic observatory data. Earth’s magnetic field and its sources, as
well as the identification of NQDs and APQDs were explained. ECV computation was depicted
in vector form to confirm the calculated Sq foci latitudes for both NQDs and APQDs examples.
The relationship between irregular Sq foci latitudes and APQDs observed at observatory data
near the Sq foci latitudes highlighted their occurrences in both hemispheres. Models of Sq
current systems were used to confirm the Sq foci latitudes and assess their influence in the

occurrence of APQDs under quiet conditions.
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Chapter 3

Data Sources and Methodology

This chapter explains, in sequential order, the method by which the correct times and
amplitudes of APQDs were extracted from geomagnetic field data. It provides an overview of the
geomagnetic field components, observation instruments, the International Network of Magnetic
Observatories INTERMAGNET), magnetic field measuring instruments, geomagnetic indices,
and in particular, the derivation of the Symmetric H (SYM-H) index that was used to extract
QDs for processing Sq(H) variations for selected longitudinal sectors in different phases of solar

cycle 24.

3.1 Components of the Geomagnetic Field

The geomagnetic field is defined by three perpendicular vector components, i.e. X, Y, and
Z. From these three components, other parameters, such as declination (D), inclination (I),
horizontal component (H), and total intensity (F), can be computed. Figure 3.1 illustrates the

parameters of the geomagnetic field, which are described in detail below:

North
magnetic
meridian
X H
D
l Y | East
I
F
Z
\ 4
Down

Figure 3.1: Parameters of the geomagnetic field (Arinze et al., 2016).

39



CHAPTER 3. DATA SOURCES AND METHODOLOGY

X (northward component) describes the magnetic field strength that points to the geographic

north.
Y (eastward component) represents the magnetic field strength of geographic east-west.

Z (vertical component) points downward toward the Earth when its value is positive and

upward when it is negative.

H is the horizontal component of the field, derived from the X and Y components:

H=VX?>+Y>% (3.1)

F is the total magnetic field intensity derived from X, Y, and Z as:

F=VX’+Y*+7Z%. (3.2)

D is declination, which is the angle between true north and magnetic north. It is positive

when magnetic north is east of true north, and defined as:

D = tan”! (;) . (3.3)

Iis inclination and is defined as the angle between the magnetic field vector and the horizontal
plane. Positive inclination, with respect to the local horizon, means the field points downward
into the Earth (Northern Hemisphere), and when the inclination is negative, the field points

upward (Southern Hemisphere). Inclination is defined by:

I= tan! (%) . (3.4)

The X and Y components can be defined in terms of H and D as:

X = Hcos(D). (3.5

Y = Hsin(D). (3.6)
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These parameters provide a complete characterization of the local geomagnetic field and
are crucial for interpreting magnetic field measurements. The components and angles change
according to location and time due to secular variation, magnetic storms, and diurnal changes
due to solar radiation (Campbell, 2003).

3.2 Geomagnetic Observation Techniques and Instruments

Geomagnetic field study requires different instruments and techniques to measure and mon-
itor the geomagnetic field. These instruments and techniques range from early compasses to
modern digital magnetometers on the ground and in space-based satellites. The earliest known
research into magnetism can be traced back to ancient civilizations, with the Chinese demon-
strating an understanding of the magnetic phenomenon and its directional properties, leading
to the invention of the compass, which served as the foundational instrument for navigation
and preliminary geomagnetic studies (Smit, 2007). The development of the compass marked a
crucial first step toward understanding and utilizing the Earth’s magnetic field, and paved the
way for more advanced geomagnetic instruments and measuring techniques (Campbell, 2003).
Later, significant contributions were made by figures like William Gilbert, whose work "De
Magnete", proposed that the Earth itself was a giant magnet, which attracted compass needles
and influenced magnetic phenomena (Mandea et al., 2019). The establishment of geomagnetic
observatories, such as the Greenwich Magnetic Observatory, marked a significant leap forward
in the systematic study of the Earth’s magnetic field (Campbell, 2003). These observatories
were equipped with instruments designed to continuously monitor the magnetic field’s varia-
tions over time. Early geomagnetic measurements relied on mechanical magnetometers, such
as declinometers, which measured the direction of the magnetic field, and variometers, which
recorded its temporal variations (Curto, 2019). These instruments, while groundbreaking for
their time, were limited in resolution and accuracy, often requiring manual readings and pho-
tographic recordings (Curto, 2019). The process of collecting and analyzing geomagnetic data
was labor-intensive and prone to errors, hindering the ability to capture the full complexity
of the Earth’s magnetic field dynamics. Despite these limitations, the data collected by these
early observatories provided invaluable insights into geomagnetic phenomena, including diur-
nal variations, magnetic storms, and long-term secular changes (Onovughe, 2015). Over time,
scientists noticed the slow drift of the compass direction in locations like London, which led to

the discovery of the secular variation of declination (Mandea et al., 2019).

3.2.1 Ground-based Magnetic Field Observation Instruments

The transition from analog to digital geomagnetic measurements involved the development

of new sensor technologies, data acquisition systems, and signal processing techniques. Flux-
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gate magnetometers, for instance, emerged as a dominant technology for measuring magnetic
fields with high sensitivity and stability. These vector magnetometers measure the field along
one or more axes using the ferromagnetic properties of some materials (Gvishiani & Soloviev,
2020). Other instruments, such as induction coil magnetometers, were developed to record
field variations at higher temporal frequencies, and cryogenic superconducting quantum in-
terference device (SQUID) magnetometers found specialized use in paleomagnetism (Mandea
et al., 2019). Digital data loggers and computer-controlled systems automated the recording
process, thus eliminating manual errors and enabling the continuous monitoring of the magnetic
field. Absolute measurements are essential for observatory operations, with world magnetic
observatories comprising a substantial portion of the stationary geomagnetic field monitoring
sites (Gvishiani & Soloviev, 2020).

Modern magnetic observatories employ at least three magnetometers, due to the large elec-
tromagnetic fields (EMF) induction values and the necessity to measure variation with great
accuracy (Gvishiani & Soloviev, 2020). Sophisticated algorithms and software packages were
developed to process and analyze the vast amount of geomagnetic data, thus enabling researchers
to extract meaningful information about the Earth’s magnetic field and its interaction with the
solar wind and magnetosphere (Gvishiani & Soloviev, 2020). Today, modern instruments fall
into two broad categories: fluxgate magnetometers and scalar magnetometers (Mandea et al.,
2019). The former often serve as the primary instrumentation in INTERMAGNET observato-
ries as they maintain reliability during extended monitoring periods (Ripka, 2021). In Figure
3.2, the photograph on the left shows a fluxgate magnetometer which measures vector magnetic
field components (X, Y, Z) by means of the non-linear magnetization of ferromagnetic cores,
while the photograph on the right shows a theodolite and scalar proton magnetometer which is

used for absolute measurements.

The proton precession magnetometer (scalar instrument) measures the total magnetic field
strength. The instrument generates a precession frequency from protons in hydrogen-rich fluids
that exposes them to external magnetic fields, and this frequency directly relates to the external
magnetic field strength. Figure 3.2 (right) shows the Overhauser magnetometer, which is an
improved version of proton magnetometry, because it delivers continuous field measurements

with improved sensitivity while requiring less power.

The Declination and Inclination fluxgate (DI-flux) theodolite, in conjunction with a proton
magnetometer, provides absolute measurements of the field (D and I) in SI units. The mea-
surements are crucial for both observational data accuracy verification and network calibration
operations (Jankowski & Sucksdorff, 1996). Figure 3.3 shows the DI-flux theodolite at the

Abdus Salam Geomagnetic Observatory, Sonmiani, Pakistan.

The continuous recording instruments, like fluxgate magnetometers, generate relative mea-
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surements that identify field changes, but not absolute field values. These instruments serve to

detect geomagnetic storms and diurnal variation by monitoring temporal field changes.

Figure 3.2: Examples of tri-axial fluxgate magnetometer (left), and Overhauser proton magne-
tometer, which is a scalar magnetometer (right). Source: Rasson (2007).

3.2.2 Applications of Geomagnetic Field Data

Magnetic instruments provide precise measurements and serve both geophysical surveys
and observatory monitoring purposes (Telford et al., 1990). The H and D components serve
as fundamental elements for navigation and orientation needs, offering an alternative to GPS,
especially in environments where GPS signals are unreliable, such as underwater or in polar
regions. This method is particularly valuable for autonomous vehicles and military applications
(Zhang & Zhao, 2008). The Z and I components are primarily used in mineral exploration and
geophysical surveying (Lanza & Meloni, 2006). Scientific and practical applications depend
on this data, because it aids in the lithospheric field mapping of the Earth, in core dynamic
monitoring and in the assessment of the impact of space weather. (Friis-Christensen et al.,
2006). Geomagnetic data is crucial in forecasting geomagnetically induced currents (GICs)
and assessing their impact on infrastructure (Gvishiani & Soloviev, 2020). In the oil and
gas industry, geomagnetic data is used for high-precision navigation in directional drilling,
which is essential for efficient resource extraction (Gvishiani & Soloviev, 2020). Long-term
changes in the geomagnetic field are studied by means of paleomagnetic records. These help
in understanding the Earth’s magnetic history and the role of the geomagnetic field in shielding

life on Earth against cosmic radiation (Panovska, 2024).
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Figure 3.3: MINGEO Zeiss 010 DI-flux non-magnetic theodolite, Abdus Salam Geomagnetic
Observatory, Sonmiani. Image credit: Pakistan Space Weather Centre (PSWC).

3.3 INTERMAGNET: The International Network of Mag-

netic Observatories

The International Real-time Magnetic Observatory Network, called INTERMAGNET, func-
tions as a global partnership between magnetic observatories that deliver standardized real-time
geomagnetic data. INTERMAGNET had been functioning as an integrated consortium for data
collection, exchange, and dissemination since 1987, but was commissioned in 1991 through
national geophysical institute partnerships to lead global magnetic observatory coordination
and data standardization efforts. The main purpose of INTERMAGNET is to create a world-
wide network of cooperating observatories that deliver high-quality geomagnetic data through

standardized methods for research and operational applications.

Approximately 150 observatories have been actively contributing data to the consortium.
The correct calibration of instruments is a fundamental requirement. Observatories follow
strict protocols, and networks like INTERMAGNET enforce quality standards, which require
observatories to conduct regular absolute measurements and cross-calibrate instruments (Love,
2008). Figure 3.4 shows the geomagnetic observatories that contribute data to INTERMAGNET.
The data in various formats is freely available for scientific purposes, which allows timely data
access for research and space weather forecasting purposes. The INTERMAGNET observatory
network data is used to update global geomagnetic field models such as IGRF (International

Geomagnetic Reference Field), which serves as a standard for mapping Earth’s magnetic field
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Figure 3.4: The map shows magnetic observatories that contribute data to INTERMAGNET;
Source: BGS-Geomagnetism (https://geomag.bgs.ac.uk/education/earthmag.html).

with five-year model updates (Thébault et al., 2015). Real-time monitoring of geomagnetic
storms and disturbances by means of geomagnetic indices relies on the high-resolution data
from INTERMAGNET stations.

3.4 Geomagnetic Indices

The calculation of magnetic indices is based on the measurement of geomagnetic activity
at various timescales and across different geographical areas and then standardized. Scientific
studies and operational space weather services, along with geomagnetically quiet day identifica-
tion, rely on these essential tools. The planetary K-index (Kp) was one of the first indices used
in the 1950s. It is derived from 13 observatories at mid-latitudes, specifically between 44 and
60 degrees magnetic latitude, and is still crucial for space weather near real-time monitoring
and forecasting. Other indices include the disturbance storm time (Dst) index, which depicts
the ring current behaviour. The auroral electrojet (AE) index measures the electrojet intensity
at the polar latitudes. The am and aa are both derived from the K-index scalings, but the aa
index uses antipodal stations Hartland (HAD) and Canberra (CNB) to produce a long magnetic
index series (Olsen & Kotsiaros, 2010). The am index is derived from the longitudinal sector
groups of observatories close to 50° magnetic latitudes. There are 5 such groups in the North-
ern Hemisphere, and 4 in the Southern Hemisphere with a total of 24 observatories (Mayaud
et al., 2023; Menvielle & Berthelier, 1991). The identification of geomagnetically quiet or
disturbed days with minimal magnetic field disturbances serves as a fundamental requirement
for ionospheric and magnetospheric research baseline studies. The selection of international
quiet days (IQDs) and international disturbed days (IDDs) occurs monthly by assessment of
global magnetic indices, including Kp and the equivalent daily amplitude index (Ap), and has
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been widely used in past research studies of Sq variation (Menvielle et al., 2010).

This study focuses on the statistical analysis of APQDs and makes use of the Symmetric-H
(SYM-H) index, which is derived from high-resolution and high-quality geomagnetic field data
for enhanced understanding of the ring current and field-aligned currents during both quiet

periods and geomagnetic storm conditions.

3.5 Symmetric-H (SYM-H) Index

The SYM-H index provides one-minute resolution geomagnetic data, which displays the
worldwide average horizontal magnetic field component measurements near the magnetic equa-
torial region. The index provides better temporal resolution than the Dst index (Sugiura &
Poros, 1971). The World Data Center for Geomagnetism in Kyoto handles the processing and
distribution of the indices obtained from the data of observatories which form part of the world
data services (WDS) (Imajo et al., 2022).

The derivation of these indices comprises three steps: removing background disturbances,
creating a unified data structure, and determining the mean (symmetric) component and its
deviations (asymmetric) from this average. Researchers use this standardized approach to track
and compare time-dependent magnetic field deviations across various locations for studying
geomagnetic activity and space weather phenomena. The Dst and SYM-H indices are critical
tools for studying operational forecasting of satellite anomalies, radiation belt dynamics, iono-
spheric disturbances, and scientific modeling of magnetospheric dynamics and current systems
(Ahmad & Widyanto, 2023; Zou et al., 2024).

3.5.1 Contributing Magnetic Observatories

The SYM-H index is derived from the horizontal component of the Earth’s magnetic field
as measured by a network of low- and mid-latitudinal ground magnetic observatories. The
observatories that form this network are shown in Figure 3.5. The SYM-H derivation requires
observatories that are situated near the geomagnetic equator and span across different longitudes
at conjugate points to maintain an accurate global representation. The observatories are selected

for their low noise levels, stable operations, and their long-term stability (Iyemori, 1990).

3.5.2 Derivation of the SYM-H and ASY-H Indices

This section briefly describes the derivation of SYM-H and asymmetric-H (ASYM-H) as

presented by Iyemori (1990). The first step involves extracting the “disturbance” components
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Figure 3.5: Locations of the magnetic observatories are depicted, the data of which is used for
the generation of the SYM-H Index. Source: International Service of Geomagnetic Indices
(ISGI) (https://isgi.unistra.fr/indices_asy.php).

from the magnetic field variations. The Sq currents, which generate daily variation along with
the main geomagnetic field, are removed through this process. To calculate the Sq variation,
B-spline functions are used to fit the 1-minute averaged data of designated “quiet days” (5 or
10 international quiet days) per month. This results in a base value that contains both the main
field and the Sq field. This background data is subtracted from the original data to get the
disturbance component. The latitudinal dependence correction is performed on the disturbance

data from different observatories to achieve equal amplitude of magnetic variations.

The symmetric index is computed after the correction of the disturbance fields. Data from six
observatories are combined through minute-by-minute averaging. The H-component receives

its latitudinal correction by division by the average dipole latitude cosine of the stations.

The asymmetric indices track variations that differ from the symmetric average values. The
symmetric component is computed from the disturbance field at each station by subtraction of
background base values from the original data to obtain the asymmetric variation. A further

round of latitudinal correction is applied to the H component by an empirically determined
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normalization coefficient. The ASY-H obtains its final values by calculating the difference
between maximum and minimum deviations across all stations in the set. The range measures

how much the disturbance field deviates from uniformity.

3.6 Selection of Magnetic Observatory Data and Distribution

of Longitudinal Sectors

The Sq variations of the H, X and Y components were derived from 1-minute resolution
data supplied by 46 INTERMAGNET geomagnetic observatories. These stations are located
between the +60° magnetic latitudes. The quasi-dipole magnetic coordinates were calculated
by using (https://geomag.bgs.ac.uk/data_service/models_compass/coord_calc.html). The
observatories were grouped into three longitudinal sectors as suggested by Price and Wilkins
(1963), namely the American (180°W to 30°W), Africa-European (20°W to 60°E), and Asia-
Australian (65°E to 180°E) sectors.

Figure 3.6 shows the locations of the geomagnetic observatories as grouped in three sectors.
The geographic and geomagnetic coordinates of all these INTERMAGNET observatories are
shown in Appendix A. The data for the years (2008-2019) was downloaded from the INTER-
MAGNET website at (https://imag-data.bgs.ac.uk/GIN_V 1/GINForms2) in [AGA-2002 format
(http://www.ngdc.noaa.gov/IAGA/vdat/iagaformat.html). The data of the SON observatory
for the years 2009-2019, was provided by the Pakistan Space Weather Centre (PSWC), Pakistan
Space and Upper Atmosphere Research Commission (SUPARCO).

3.7 Selection Criteria for Solar Cycle Phases and Quiet Days

The phases of solar cycle 24 were characterized by Gyébré et al. (2018) with respect to
benchmarking the relative sunspot number introduced by Rudolph Wolf (Wolf, 1859):

R, =kx (10x G+ N) 3.7)

where R, represents the sunspot numbers, G represents the number of sunspot groups, N is
the total number of observed individual spots in all the groups, and k is the correction factor.
The annual mean sunspot numbers (SN) were extracted from the Sunspot Index and Long-term
Solar Observations (SILSO), (https://sidc.be/silso/) Royal Observatory of Belgium (Clette &
Lefevre, 2015).

Based on the standard number of sunspots, the four phases of solar cycle 24 were classified
as follows (Gyébré et al., 2018):

48


(https://geomag.bgs.ac.uk/data_service/models_compass/coord_calc.html)
(https://imag-data.bgs.ac.uk/GIN_V1/GINForms2)
(http://www.ngdc.noaa.gov/IAGA/vdat/iagaformat.html)
(https://sidc.be/silso/)

CHAPTER 3. DATA SOURCES AND METHODOLOGY

Figure 3.6: The magnetic observatories that formed part of this study.

(a) Solar Minimum (R, < 20);
(b) Increasing or Ascending Phase (20 < R, < 100);

(c) Solar Maximum (R, > 100). In the case in which the maximum value is less than

100, the maximum phase is defined by (R, > 0.8 X RZmax);
(d) Decreasing or Descending Phase (100 > R, > 20).

Using the selection criteria for solar cycle phases as suggested by Gyébré et al. (2018), the

duration of the solar cycle phases of 2024 were delineated as follows:

(a) Solar Minimum (2008-2009; 2018-2019);
(b) Ascending Phase (2010-2011);

(¢) Solar Maximum (2012-2014);

(d) Descending Phase (2015-2017).

Although the year 2012 should have been included in the ascending phase according to the
selection criteria, for our analysis, it was placed in the maximum phase. Solar cycle 24 was
double-peaked, as are most solar cycles (Kane, 2007). The double peaks are known as the
Gnevyshev peaks, (Gnevyshev, 1967). It has been suggested by many researchers, most notably
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by Georgieva (2011), that the maximum phase begins soon after the first peak. For this reason,

2012 was included in the maximum phase. Figure 3.7 shows the phases of the solar cycle 24.

Figure 3.7: Annual mean sunspot numbers (SN) plotted with quiet days (QDs) and segmented
according to the 4 phases of solar cycle 24 (2008-19).

3.7.1 Selection of Quiet Days based on SYM-H Index

Joselyn (1989) conducted a survey across the scientific community of magnetic, ionospheric
and magnetospheric researchers to interrogate techniques for assessing quietest geomagnetic
conditions based on ground observatory data and other indices that were used back then. The

study concluded that:

(a) geomagnetic disturbances are localized in spite of the fact that most of the data

indicated quietest day conditions;

(b) geomagnetic indices, although convenient, may have uncertainties based on thresh-
old values for a 24-hour UT day;

(c) a range of factors possibly influencing the ionosphere or the magnetosphere, may

not be appropriately indicated by the geomagnetic activity level indicator.

In Jocelyn’s study, many indices, such as Kp, Ap, equivalent daily amplitude of averaged
northern and southern Kp (Am), AE, etc., were evaluated for their authencity and shortcomings,
but when it came to the Dst index, the conclusion was that the Dst index values for some
geomagnetic quiet conditions on an hourly basis were greater than -10 nT. Therefore, a further
check on timescales more precise than 1 hour was required to ensure that a quiet period had

been correctly identified.
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The 1-minute resolution of SYM-H index plays a crucial role in determining quiet periods in
geomagnetic activity, offering a high-resolution alternative to other indices like Dst. Its ability
to capture minute-by-minute variations makes it particularly useful for identifying and analyzing
quiet intervals, which are essential for understanding the baseline state of the magnetosphere.
The SYM-H index’s high temporal resolution and sensitivity to solar wind parameters make
it a valuable tool for distinguishing between quiet and active geomagnetic conditions. This
high resolution allows for more precise monitoring of geomagnetic activity, making it easier
to identify quiet periods and small-scale variations that might be missed by lower-resolution
indices (Wanliss & Showalter, 2006). A comparative study of the Kp and SYM-H indices
by Wanliss (2005) compared the statistical results of the quiet periods and geomagnetic storm
events. It was found that quiet periods had a Kp < 1 and SYM-H > -30 nT. The finding
led to the conclusion that a much lower threshold of [SYM-H| < 10nT throughout 24 hours
was necessary for determining QDs in every year of solar cycle 24. The high-resolution
I-minute SYM-H index was obtained from the GSFC/SPDF OMNIWeb interface at (http:

/lomniweb.gsfc.nasa.gov/form/omni_min.html).

Figure 3.7 shows the number of QDs per year. The deep solar minimum year 2009 had
the most QDs per year, namely 104, with the month of December having the most quiet days,
namely 16. The least number of QDs were during 2016 which is in the descending phase of the
solar cycle. This is not unusual as Singh and Patel (2021) and Gerontidou et al. (2018) have
reported greater numbers of ICMEs and high-speed solar wind streams (HSSWS) during the
declining phase of the solar cycle. Gerontidou et al. (2018) reported that 46 and 41 storms were
catalogued during 2015 and 2016, respectively. During 2015 and 2016, the highest number of
storms due to ICMEs and HSSWS reported were 34 and 17, respectively.

3.8 Processing Sq Variation

In order to evaluate APQDs, the H component was utilized in processing Sq variations.
Sq(H) variations were calculated by means of a consolidated method by Rabiu et al. (2007),
Adhikari et al. (2017), and Bello et al. (2014). It can be described as follows:

1. The minute data of the horizontal component of the magnetic field was first converted

from UT into SLT using:
Longitude

SLT = UT
T

(3.8)

2. The H component was calculated by means of the following equation:

H=VX’+Y% (3.9)
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3. The QDs were selected according to the 1-minute SYM-H Index, based on the threshold
ISYM-H| < 10nT.

4. The baseline was calculated by taking the averaged data of 120 minutes flanking around
midnight between 00:00 and 01:59. In the case of missing data, the values between 22:00

and 23:59 were considered for the same day. The baseline is expressed as follows:

Hoo-00 + Hoy-
BLy = 00.00120 01:59 (3.10)
or
Hjs.00 + Has.
BLy = 22.00120 23:59 (3.11)

This BLy was corrected to the nearest whole number in nT.

5. Hourly mean values of Sq, i.e., H, were calculated by taking the average of 60 minutes
for every hour 7;, represented by i1 = 00,...,23 and minutes by m = 00,...,59, as given in the
following equation:

59
H, = %H;()Hti,m. (3.12)
Here, H, is defined as the hourly mean value centered at each hour from 00:30 to 23:30
in SLT.

6. For hourly Sq(H), was obtained when the BLy value of the given day was subtracted
from the hourly value of the same day.

Sq(H), = H, - BLy,. (3.13)

7. Sq(H), is corrected for non-cyclic variation such that the value at 23:30 is the same as
the value at 00:30 of the considered day. This correction is done by making a linear
adjustment on the daily hourly values, so that the Sq(H), values at 00:30, 01:30, 02:30
,eeeny 23:30 SLT taken into consideration:

_ SQ(H)23;30 - Sq(H)OO:3O

AK 3.14
B (3.14)

The linearly adjusted hours were defined as follows:
Sq(H), = Sq(H), — (t + 1) x AK. (3.15)

These corrected hourly values for the whole day represents the Sq variation of the H-component.

A similar procedure was applied to S¢(X) and Sq(Y).
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3.9 Identification of Accurate Time for the Maximum or Min-

imum value in Sq Variation Data

An algorithm was formulated to calculate the time durations of QDs for NQDs, as well as
the one-hour time-shifted APQDs lying outside the NQD interval, by using the processed Sq
variations. The times of the peaks or dips in normal and abnormal Sq amplitude variations
using the ideal Sq schema in the low- and mid-latitudes by means of the ideal Sq schema, were

calculated as follows:

(a) Low-latitudinal regions (between 0° and +30°): peak or dip of Sq(H), amplitude
lying one hour shifted outside the interval of 10:30 to 13:30 SLT (Last et al., 1976;
Sastri, 1982)

(b) Mid-latitudinal regions (between +31° and £60°): peak or dip of Sq(H), amplitude
lying one hour shifted outside the interval of 08:30 to 13:30 SLT (Brown, 1974;
Butcher & Brown, 1981a)

Procedures like the B-splines, piece-wise polynomial, spline smoothing, and 15- and 30-
minute moving averages on processed data were analyzed for consideration of the near-accurate
time of phase-shifts. 5-, 15-, 20-, 30- and 60-minute rolling means for the mentioned time
windows were assessed for raw 1-minute data. The code, based on the tested algorithm, was
adapted to automatically identify the accurate time of NQDs, using processed Sq variations and
time shifts in amplitude peaks or dips of APQDs in the low- and mid-latitudinal regions for each
longitudinal sector. The accuracy of the identified times for APQDs was further confirmed by
visual inspection of a few suspicious days in the low- and mid-latitudinal regions near the Sq
foci positions. If the plots depicted the exact time of the peaks or dips in the Sq variation data
of APQDs in SLT in low- and mid-latitudinal regions of both hemispheres, the algorithm of
the code was considered authenticated. Upon comparison and evaluation, it was observed that
the cubic spline smoothing on processed Sq variations was able to derive the calculated time
of phase shifts (both peaks and dips of QDs for both NQDs and APQDs) from the codes on
plots. Thus, the times and amplitudes of NQDs and phase-shifts on APQDs in the low- and

mid-latitudinal regions for all sectors were obtained for all years of solar cycle 24.

3.9.1 Calculation of Sq Foci Positions and Verification with Equivalent

Current Systems

There were cases in which there was uncertainty as to the identification of the APQDs by

means of the criteria (a) and (b) (as mentioned in Section 3.9), especially for observatories
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near the Sq foci latitudes. These observatories produced fluctuating variations in Sq, with
significantly low amplitudes, usually between +5 to +10 nT. The presence of a peak and a dip
at the same time in the Sq variation data needed verification, for which deviation from the Sq
zero baseline was considered, in order to determine whether a QD is an APQD or an NQD.
This ambiguity was dealt with by calculating the square foci positions. The Sq foci positions of
two years, namely 2009 and 2014, were calculated in order to differentiate between NQDs and

APQDs and to compare the solar minimum with the maximum phase.

There are practical methods with which to calculate the Sq foci positions before resorting
to the techniques of spherical harmonics, which produce greater accuracy. The technique
suggested by Tarpley (1973) involves locating the position of the Sq foci near observatories
with AH = 0 between 11:30-12:30 SLT.

In an evaluation of methods for determining the location of Sq foci, Stening et al. (2005)
suggested that the latitude of the focus of the Sq current system should be determined by using
at least 3-4 magnetic observatories having at least 95% available data. Moreover, for a more
accurate determination of the Sq foci latitude, a longitudinal chain, in which the local time
difference should not be more than 2 hours (30°) in each hemisphere, must be selected. The
time of the zero axis crossing of the Sq(Y) component is used to estimate the Sq value at that
particular time. The observatory at Sq foci position will have almost no variation in the H-
component. The magnetic observatories are then aligned according to the ascending magnetic
latitudes and a linear regression fit (>95%) is used to correctly locate the Sq foci positions. To
confirm the maximum or minimum phase shift already calculated, the Sq(H) for the considered
longitudinal sector is plotted in panels starting from the Northern Hemisphere to the Southern
Hemisphere. Then the calculated Sq foci position is confirmed by comparing the calculations
with the plots and the equivalent current vectors. Using this procedure, the Sq foci positions
for 2 April 2014 were calculated by using the mentioned method for the Asia-Australian sector
on 02 April 2014 and were verified with Archana and Arora (2024). A slight difference of 2°
in the Northern and 1° in the Southern Hemisphere was found in the Sq foci latitudes in both

hemispheres (Figure 3.8).

In cases where there seemed to be ambiguity with respect to APQDs and Sq foci positions,
the equivalent current vectors were calculated by using the orthogonal components of the
magnetic field, namely X and Y. The data from the same observatories used to determine the Sq
variations were utilized to process Sqg(X) and S¢(Y). Data of the observatories that were used
to determine the latitude of the Sq foci in each longitudinal sector were selected with a time
difference of no more than 2 hours (longitudinal difference under |30|°) to ensure accuracy of
the calculated Sq foci positions and times in SLT. The S¢(X) and Sq(Y) of observatories that
had more than 95% available data were combined in the form of vectors and rotated by 90° to
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(a) The calculated Sq focus at 33°N magnetic lati- (b) The calculated Sq focus at 52°S magnetic lati-
tude tude

Figure 3.8: Plots of calculated Sq foci latitudes in magnetic latitudes for 2 April 2014, in the
Asia-Australian sector.

create the equivalent current vectors in order to match the calculated positions and associated
times of the Sq foci latitudes. The process was repeated for every year of the solar cycle, in
order to establish the times of dips and peaks of NQDs and APQDs which seemed ambiguous.
Certain cases of deformed, tilted or distorted Sq current vortices in which the number of APQDs
seemed unusually high, were analyzed to determine the existence of APQDs in both the low-

and mid-latitudinal regions, by using the equivalent current vectors.

3.9.2 Statistical Analysis of APQDs

Statistical analysis by sector, latitude and hemisphere during every phase of the solar cycle
was done, incorporating Lloyd’s seasons Lloyd (1874). This has been widely used by many
studies, more recently in Zhao et al. (2022). Statistical analysis of data was done for stations with
data availability of 85% for each solar cycle phase. The categories are: November-February
belong to the December solstice (D), March, April, September, October belong to the equinoxes
(E) and May-August belong to the June solstice (J).

The occurrence rates of Sq foci positions offset from the ideal Sq schema in the years 2009
and 2014 were calculated. The Sq foci offsets included Sq foci latitudes beyond the magnetic
latitude of the ideal Sq schema (30° N or S) in either the low- or mid-latitudinal regions of either

hemisphere.

ideal Sq schema counts

QDs

%ideal Sq schema = x 100. (3.16)
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ts of offset
%Sq foci offsets = SQ‘;)O 3 % 100. (3.17)
S

The rates of occurrence of APQDs were calculated for an equal number of low- and mid-
latitudinal observatories in each hemisphere with respect to magnetic latitude and geographic

longitude as:

APQDs

% APQDs =
o APQDs QDs

x 100. (3.18)

where QDs = NQDs + APQDs. The annual averages were then calculated for each solar

cycle phase to determine consolidated results.

Statistical variations of APQDs according to sectors and hemispheres were calculated sepa-
rately for the low- and mid-latitudinal regions. An equal number of observatories per hemisphere
(at least 3 or more in each hemisphere), situated at magnetically conjugate latitudes in each

longitudinal sector, was included. The following equation was applied:

APQDsyy

100. 1
APQDsyy; + APQDsgy ) 00 (3.19)

WOAPQDSNH =

where APQDs represents the total sum of APQDs available for the considered longitudinal
sector for each year. The same equation was applied to APQDsgyy. The seasonal annual averages
were then calculated for each solar cycle phase to determine consolidated results by sector and

hemisphere in each phase.

The distribution of APQDs was statistically analyzed using magnetic observatories in the
same longitude sector for conjugate latitudinal regions. This was undertaken to illustrate an
unusually higher number of APQDs in each hemisphere for both low- and mid-latitude to
upper mid-latitudinal regions. This analysis was undertaken to understand the symmetric or
asymmetric occurrence distribution of APQDs for such pairs of observatories and to understand
whether variation of the Sq foci positions and IHFACs play a role.

The occurrence times for the hourly distribution of the NQDs and APQDs were tabulated
according to Lloyd’s seasons for each observatory pair for every year of the solar cycle. The
occurrence rate of hourly distribution (HD) of NQDs and APQDs, evaluated between 03:30 and

21:30, was calculated using the formula below:

HC
HD = — x 100. 2
%o QDs x 100 (3.20)
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where HC represents hourly occurrence counts of both NQDs and APQDs during the men-
tioned time span for each considered observatory pair: QDs = NQDs + APQDs.
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3.10 Flowchart of the Methodology

H, X and Y field components derived from INTERMAGNET observatory data for the period 2008-2019

l

Conversion of UT to SLT

l

Selection of quiet days with SYM-H index, and criterion [SYM-H| < 10nT

l

Hyp.o0+Hor. Hyy.00+Hys.
BLy = %00'59 OR BLy = %023'59 (Also for X, Y components)

l

Sq Hourly Averages H, (Also for X, Y components)

l

Sq(H), = H;-BLy (Also for X, Y components)

l

Calculation of non-cyclic correction for H: AK = Sq(H)”ﬁ(’z}Sq(H)O‘)Z” (Also for X, Y components)

l

Corrected Sq(H), = Sq(H),—(t+1) x AK (Also for X, Y components)

Identification of APQDs:

a. Low-latitudes: use geomagnetic latitudes between 0° and +30° to extract peak or dip

of Sq amplitude lying one hour shifted outside the interval of 10:30-13:30 in all sectors.
b. Mid-latitudes: use geomagnetic latitudes between +31° and +60° to extract peak or dip

of Sq amplitude lying one hour shifted outside the interval of 08:30-13:30 in all sectors.

|

Calculation of Sq foci position and equivalent current vectors

for correct peak or dip in Sq(H) phase shifts in ambiguous cases
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3.11 Summary

In this chapter, the method used to extract the APQDs was discussed. The solar cycle 24
phases were defined by means of the time distribution of annual mean sunspots over 11 years.
These phases identified the years that each phase, namely minimum, ascending, maximum, and
descending, spanned. The geomagnetic field data was downloaded from the INTERMAGNET
database and consolidated into 3 longitudinal sectors. The quietest days were selected by means
of the SYM-H index for every year. In order to process Sq variation for the quietest days,
geomagnetic data was converted from universal time (UT) to SLT, and the baselines and non-
cyclic corrections were taken into account. This process led to correctly identifying the exact
time of the maximum/minimum amplitude of Sq (peaks/dips) relative to the expected phase
shift for each observatory at magnetic latitudes in low- and mid-latitudes. Moreover, temporal
analysis techniques were tested, which required the best fit on hourly processed and 1-minute
raw data for checking the accuracy of APQD times. The calculation of the Sq foci positions
and the use of the equivalent current vectors provided useful insight into the assessment of the

calculated correct times of the APQDs in order to rectify ambiguous cases.

Once the rigorous assessments had been verified and inferred, APQDs were identified in the
low- or mid-latitudes. Statistical variation was analyzed, and the rate of APQD occurrence by
season and hemisphere in all longitudinal sectors were calculated. The hourly distributions of
NQDs and APQDs for using conjugate observatory pairs in different phases were also carried

out for all phases of solar cycle 24.
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Chapter 4

Results

The investigation into APQDs during solar cycle 24, segmented into phases across various
sectors, provides a comprehensive framework for understanding ionospheric variability as man-
ifested in ground magnetic field data. This chapter examines the global, local, and regional
occurrences of APQDs, spanning the period 2008 to 2019, with a focus on latitudinal and
hemispheric statistics to detect patterns in APQD occurrences relative to magnetic latitudes and
geographic longitudes. The examination of the hourly distribution of NQDs and APQDs for
magnetically conjugate observatory pairs, which were selected based on the highest percentage
of APQD occurrence within each sector, revealed asymmetries in the low- and mid-latitudes
of the Northern and Southern Hemispheres. A comparative analysis of 2009 and 2014 facili-
tated the identification of key differences in APQD characteristics between the solar minimum
and maximum phases, while a detailed examination of Sq foci position variations across all
sectors shed light on the dynamic behavior of ionospheric currents. Additionally, the research
quantified the percentage occurrence of the Sq foci at £30° and beyond, by comparing these

occurrences across all three sectors to gauge the extent of Sq foci latitude displacement.

To understand the variation in the Sq foci positions on the quietest days and their impact on
APQDs, a detailed statistical analysis was undertaken, using Lloyd’s seasons as a framework
(Lloyd, 1874). These seasons encompass the June (J) and December (D) solstices and the
equinoxes (E) for each longitudinal sector, (i.e. June (J) and December (D) Solstices, and
Equinoxes (E)) for each longitude sector, solar cycle phases, each hemispheres, and low-
latitudinal (between 0° and +30°) and mid-latitudinal (between +31° and +60°) regions. The
results of the statistical analysis were combined for different phases of solar cycle 24, making
use of the categories suggested by Gyébré et al. (2018) and Ouattara and Amory-Mazaudier
(2012):

(a) Solar Minimum (2008-2009; 2018-2019);
(b) Ascending Phase (2010-2011);

(c¢) Solar Maximum (2012-2014);

(d) Descending Phase (2015-2017).
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4.1 Statistical Results of the Investigation of Regional and
Global APQDs Occurrence for Different Phases of Solar
Cycle 24

This section presents the statistical results of the investigation of regional (in longitudinal
and hemispheric regions) and global APQD occurrence rates for different phases of solar cycle
24. An equal number of low- and mid-latitudinal observatories in each hemisphere (minimum
2) was chosen for the plotting of the statistical distribution of regional and global APQDs for
each solar cycle phase. However, due to an insufficient number of low-latitudinal observatories
and low data availability in the Africa-European sector, the low-latitudinal statistics will not be

presented for this region.

Figure 4.1 presents global (a) and regional (b) occurrence rates of APQDs during solar
minimum. These results indicate that the occurrence rate, both globally and regionally, of
APQDs during the E seasons decreased. In general, the seasonal sequence for the global as well
as regional APQDs was observed to be D, J and E seasons in the descending percentage order.
However, the Asia-Australian sector deviated from the general seasonal sequence to depict the
D, E and J seasons sequence in the mid-latitudes. In the mid-latitudes, the Africa-European
and Asia-Australian sectors had the highest APQD occurrence during the D season, while the
American sector had the highest occurrence in the J season. During the E-season, the APQDs
occurrence rate was the highest in the Africa-European sector, and lowest in the American
sector. Furthermore, the occurrence rate of APQDs was dominant in the Southern Hemisphere
compared to the Northern Hemisphere, except in the D and E seasons in the American sector,
where this trend was reversed. In low latitudes, the American and the Asia-Australian sector had
the highest APQD occurrences during the D and J seasons. The fewest APQDs were observed
in the E season in the American sector compared to the Asia-Australian sector. Moreover, the
occurrence of APQDs was dominant in the Northern Hemisphere compared to the Southern

Hemisphere.
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(a) (b)

Figure 4.1: Global (a) and regional (for the America, Africa-Europe and Asia-Australia sectors)
(b) APQDs occurrence rates for solar minimum phase. The seasons of June (May, June,
July and August) and December (November, December, January and February) solstice, and
equinoxes (March, April, September and October) are abbreviated as D, J and E respectively.
The low-latitudes (LL) are depicted by blue and orange bars for the northern hemisphere (NH)
and the southern hemisphere (SH), respectively. Similarly, the mid-latitudes (ML) are depicted
by brown and beige bars for the northern hemisphere (NH) and the southern hemisphere (SH),
respectively.

Figure 4.2 shows similar statistics as Figure 4.1, but for the ascending phase of solar cycle 24.
Figure 4.2 (a) and (b) indicates that for the low latitudes, the seasonal occurrence rate of APQDs
decreased in the order of D, J, and E, both globally and regionally. While the same seasonal
order was observed in the American mid-latitudes, the order changed to D, E, and J in the
African-European and Asia-Australian mid-latitudes. The American sector displayed unique
patterns, with APQDs being absent in the Southern Hemisphere during the E season for both
low- and mid-latitudes. The Southern Hemisphere depicted increased APQDs at mid-latitudes
compared to the Northern Hemisphere, with the exception of the American sector during the E
and J seasons. However, this trend was in reverse order in the low-latitudes, where the APQD
occurrence in the Northern Hemisphere was greater than in the Southern Hemisphere. The
highest rates of occurrence of APQDs were observed in the American sector for the D season

in both the low- and mid-latitudes.
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(a) (b)

Figure 4.2: Same as Figure 4.1 for the solar ascending phase.

Figure 4.3 presents the same statistics as in Figure 4.1, but for the solar maximum phase. The
seasonal global and regional APQD occurrence trend was similar to that of the solar minimum
phase, when the highest and lowest occurrences were observed for the D and E seasons,
respectively. As in the ascending phase, no APQDs were observed in the American sector in
the Southern Hemisphere during the E season for both low- and mid-latitudes. The occurrence
of regional APQDs was consistently higher in the Southern Hemisphere in the mid-latitudes
for all seasons, except for the E season in the American sector. However, regional APQD
occurrence rates were consistently higher in the Northern Hemisphere in the low-latitudes for
all seasons, except globally and for the Asia-Australian sector in the J season. For low-latitude
observatories, the American sector dominated in APQD occurrences, particularly during D and

J seasons.

Figure 4.4 gives the same information as Figure 4.1, but for the descending phase of solar
cycle 24. The seasonal sequence globally for APQDs was D, J and E for the low-latitudes and
D, E and J for the mid-latitudes. A similar seasonal sequence was observed for the regional
APQDs in both low- and mid-latitudes, except for the American mid-latitude sector, where the
highest and lowest occurrence rates were observed during the D and E seasons, respectively.
The Africa-European sector exhibited the highest APQD occurrences in mid-latitudes during
the D season, followed by the Asia-Australian and American sectors. In the low-latitudes, the
Asia-Australian sector observed the most APQDs during the D season than the other sectors.
APQDs occurrence rates were dominant in the Northern Hemisphere at low-latitudes. However,
this trend was reversed for mid-latitudes, except for the E season in the American sector, as no

APQDs were observed in the mid-latitudes of the Southern Hemisphere during this season.
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(a) (b)

Figure 4.3: Same as Figure 4.1 for the solar maximum phase.

(a) (b)

Figure 4.4: Same as Figure 4.1 for the solar descending phase.

A noteworthy outcome from global APQDs in each solar cycle phase is depicted in Table
4.1.

Table 4.1: APQDs occurrence rates observed in individual hemispheres for each solar cycle
phase

Phase
Hemisphere Minimum (%) Ascending (%) Maximum (%) Descending (%)

(NH) 37 27 323 35

(SH) 31.2 33 35 31.4

64



CHAPTER 4. RESULTS

4.2 APQD Occurrence Rate Distribution by Hemisphere and
Magnetic Latitude

An investigation of the APQD occurrence rates, based on the data from an equal number of
observatories in each hemisphere with respect to magnetic latitude and geographic longitude,
facilitates a balanced assessment of hemispheric contributions to APQD generation and its
mechanism. Making use of the same number of observatories in each hemisphere minimizes
potential bias arising from uneven spatial distribution and ensures a more robust comparison
of APQD occurrence rates. The use of magnetic latitude as a reference coordinate accounts for
the interaction of the geomagnetic field with the dynamics of ionospheric plasma, offering a
more accurate representation of APQD distribution. Some observatories in conjugate latitudinal
regions (mostly selected from 14 and 17 observatories in each hemisphere) were not included
in some of the phases of solar cycle 24 due to the absence of APQDs or missing data of up
to 15%. Some recorded NQDs only; hence, they were replaced with only observatories that
depicted APQDs.

Figure 4.5 (a) presents APQD occurrence rates for the solar minimum phase. These results
were based on the data from 17 observatories in each hemisphere. The analysis of APQD
occurrence rates revealed notable hemispheric asymmetries and regional variations. In the
Africa-European (20°W to 60°E) sector, mid-latitudinal observatories TSU, HER, and CZT in
the Southern Hemisphere showed significantly higher APQD occurrences than observatories
in the conjugate latitudinal region. The Asia-Australian (65°E to 180°E) sector exhibited a
similar trend as depicted by the southern mid-latitudinal observatories PAF, AMS, and CTA. In
addition, in the low latitudes, the Northern Hemisphere had higher APQD occurrence, as seen
in KNY, compared to the Southern Hemisphere. Low-latitude observatories in the American
(180°W to 30°W) sector demonstrated a marked variation in the occurrence rates of APQD,
with SJG and HON showing considerably higher rates than the observatories in the conjugate

regions.

Figure 4.5 (b), (c) and (d) represent APQD occurrence rates for 14 observatories in each
hemisphere in the solar ascending, maximum and descending phases, respectively. The analysis
revealed a consistent pattern of higher APQD occurrence rates in the Southern Hemisphere for
mid-latitudes, except for the American sector where both hemispheres had similar occurrence
rate. Similarly, in the Northern Hemisphere for low-latitudes, a consistent pattern of higher
APQD occurrence rates was observed, except for the Africa-European sector which had similar

occurrence rates in both hemispheres.
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Figure 4.5: APQD occurrence rates for minimum (a), ascending (b), maximum (c), and descending (d) phases of solar cycle 24 as consolidated for
equal number of observatories in each hemisphere (17, 15, 14, 14) in each phase, respectively.
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This hemispheric asymmetry was particularly pronounced in the Africa-European sector,
where the observatory, CZT (69%) in the Southern Hemisphere, exhibited a nearly five-fold
higher occurrence rate than its northern counterpart, ESK (20%), in the maximum (b) phase.
Similar trends were observed in the Asia-Australian sector, when the Southern Hemisphere
observatories generally exhibited higher APQD occurrence rates at PAF-NVS (65% vs. 32%)
and AMS-AAA (55% vs. 13%) than the conjugate latitudinal regions for all phases. The
low-latitudinal observatory, KNY, exhibited 63% in contrast to the conjugate observatory CTA
which exhibited a 42% APQDs occurrence rate for the solar maximum phase. Furthermore, the
American sector exhibited lower occurrence rates than the conjugate latitudes, but maintained an
asymmetric pattern at SJG and HON. Such trends prevailed in the ascending (a) and descending

(c) phases.

4.3 Hourly Distribution (HD) of AQPD Occurrence at Mag-

netically Conjugate Observatory Pairs

The conjugate observatory pairs for both the low- and mid-latitudes with highest APQDs
occurrence rates in every longitudinal sector, were presented in this section. The closest
conjugate pairs were found in the Africa-European sector, whereas the conjugate pairs in other
sectors were selected due to the availability of complete data for solar cycle 24 and these
were separated by less than 10°. The hourly distributions of APQDs alongside the NQDs
for each conjugate pair were presented in Figures 4.6 - 4.9 for every phase of solar cycle 24.
These results highlight the latitudinal as well as temporal asymmetry between the morning
and afternoon hours for each observatory pair in all phases of solar cycle 24. However, in
the Africa-European sector, the low-latitudinal observatory data, being insufficient, was not

considered for HD plots, and two pairs of mid-latitude stations were used instead.

The magnetic latitudes of the observatories that were used in this subsection were shown in
Table 4.2. The IAGA codes and observatory names of all these INTERMAGNET observatories
can be found in Appendix A. In each sector, at least 2 conjugate observatory pairs in the mid-
and low-latitudes were selected and were represented in blue (NH) and brown (SH) in Figures
4.6 - 4.9. For the sake of comparison, conjugate observatory pairs for each sector were plotted
together to depict similarities and differences in the occurrence times of NQD (hatched bars)
and APQDs (solid bars).
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Table 4.2: NH and SH conjugate observatory pairs by sector

Sector OBS Pair1 Geom Lat(°) OBS Pair2 Geom Lat(°)
. BSL (ML) 40.82 SJG (LL) 26.98
American
PST (ML) -38.73 VSS (LL) -19.07
. ESK (ML) 52.37 DOU (ML) 45.80
Africa—Europe
CZT (ML) -53.12 HER (ML) -42.48
NVS (ML) 50.62 KNY (LL) 24.58
Asia—Australia
PAF (ML) -58.76 CTA (LL) -28.98

During solar minimum, for the mid-latitude pair, BSL-PST (Figure 4.6(a)) and the low-
latitude pairs SJG-VSS (Figure 4.6 (d)) in the American sector, greater occurrence of APQDs
was observed during the morning hours (07:30-08:30 SLT) than during the afternoon for all
seasons, with higher percentages during the D season. No APQDs were observed for VSS for the
E season, while they were observed at its conjugate observatory (SJG). Furthermore, there were
more APQDs at SGJ than at VSS during all seasons, while this occurrence trend was not clear
at the mid-latitudinal pair (BSL and PST). In the Africa-European sector, CZT recorded higher
APQDs during the afternoon (04:30 SLT) during all seasons, while ESK recorded APQDs
during both the morning (03:30-07:30) and afternoon (14:30-21:30) hours (Figure 4.6(b)). A
similar trend was observed for DOU and HER, where HER observed higher APQDs during the
morning (06:30-07:30 SLT), while DOU observed APQDs in both the morning (03:30-07:30
SLT) and afternoon (14:30-21:30 SLT) hours (Figure 4.6(e)). CZT and HER had a higher
occurrence of APQDs than their conjugate observatories. In the Asia-Australian sector (Figure
4.6(c) & (f)), NVS and PAF showed a significant occurrence of APQDs during the afternoons of
the D and E seasons (14:30-15:30 SLT). However, APQDs occurred mostly during the morning
(07:30 SLT) at PAF and no APQDs were observed at NVS during the J season. KNY and CTA
depicted APQDs throughout the day in all seasons, with higher APQDs in the morning hours
(07:30-09:30 SLT) and relatively less APQDs during the afternoon hours (14:30-16:30 SLT).

During the ascending phase in the American sector, the mid-latitude pair, PST-BSL (Figure
4.7(a)) and the low-latitudinal pairs SJG-VSS (Figure 4.7(d)), both showed a higher occurrence
of APQDs in the morning hours (06:30-07:30 SLT) during all seasons, with the highest percent-
ages during the D season. No APQDs were observed at VSS during the E season, with sparse
occurrence during the afternoon hour (16:30 SLT) of the D and J seasons. On the other hand,
APQDs were observed during all three seasons at SJG, but with sparse occurrence during the
E and J seasons. In the Africa-European sector (Figure 4.7(b) & (e)), CZT recorded APQDs
during the afternoon (14:30 SLT), while ESK recorded them during both the mornings (06:30-
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07:30 SLT) and afternoons (14:30-19:30 SLT). There were more APQDs at CZT than at ESK
for all seasons, with higher APQD occurrence for the D season. On the other hand, HER and
DOU both observed APQD occurrence rates during the morning as well as during the afternoon
for the D season, but primarily during the afternoon (14:30-15:30 SLT) for E and J seasons. In
the Asia-Australian sector (Figure 4.7(c) & (f)), PAF showed significant occurrence of APQDs
during the D season afternoons (14:30-20:30 SLT) in all seasons, while NVS also had higher
APQD occurrence during the afternoon during the D season. APQDs were scarce during the
E and J seasons. KNY and CTA observed APQDs throughout the day in all seasons. An
increased APQDs occurrence rate was observed during the morning hours (07:30-09:30 SLT)
of D season, but during the afternoon hours (15:30-17:30 SLT) in the E and J seasons for KNY.
However, for CTA, a higher occurrence rate was observed in the morning hours (06:30-09:30
SLT) for three seasons. At CTA, relatively lower APQDs were observed than for KNY during

all the seasons.
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Figure 4.6: HD bar graphs of conjugate observatory pairs for the period 03:30 to 21:30 SLT in the American sector (a) & (d), the Africa-European
sector (b) & (e) and the Asia-Australian sector (c¢) & (f) for the solar minimum phase. The hemisphere for the low- and mid-latitude observatories
were represented by blue (NH) and brown (SH), respectively.
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Figure 4.7: Same as Figure 4.6 for the solar ascending phase.
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During solar maximum of the American sector (Figure 4.8(a) & (d)), APQDs were observed
more during the morning (05:30-07:30 SLT) for the conjugate pairs of BSL-PST during 05:30-
07:30 SLT in the D season, while afternoon APQDs were generally less than 1% (14:30-19:30
SLT) during the other seasons. For the conjugate pairs of SJG-VSS, mostly morning (06:30-
09:30 SLT) APQDs were observed during all the seasons, with significantly higher rates during
the D season. However, no APQDs were observed at VSS during the E season, while at SIG
they were sparse during the E and J seasons. In the Africa-European sector (Figure 4.8(b)
& (e)), afternoon APQDs dominated at 14:30 SLT at ESK and CZT during all seasons, and
occurrences were higher in CZT than at ESK during all seasons. DOU and HER observed
higher APQDs during the morning (03:30, 06:30-07:30 SLT) during the D season and during
the afternoon (15:30-16:30, 21:30 SLT) during the E and J seasons. HER recorded more
APQDs than DOU during all seasons. The Asia-Australian sector (Figure 4.8(c)) exhibited
mostly afternoon APQDs at PAF and morning APQDs at NVS, with higher occurrences at PAF
than at NVS. Most APQDs were observed during the morning hours (07:30-09:30 SLT) during
the D season and afternoon hours (14:30-16:30 SLT) during the E and J seasons for KNY, but in
the afternoon (14:30-16:30 SLT) during the D season and mornings (07:30-09:30 SLT) during
the J season at CTA (Figure4.8(f)). APQD occurrences were more dominant at KNY than at
CTA.

The American sector (Figure 4.9(a) & (d)) displayed complex APQD distributions at PST
and BSL during the descending phase. In Figure 4.9(a), PST (brown) observed APQDs during
the morning and afternoon hours during the D season, but only morning APQDs during the J
season. BSL, on the other hand, observed more APQDs in the morning hours during the D
season, and only afternoon APQDs during the J season. No APQDs were observed for PST
during the E season, as was the case during the ascending and maximum solar cycle phases,
but APQDs were seen during both the morning and afternoon hours at BSL during the same
season. The SJG-VSS pair displayed higher APQDs occurrence rates during the morning hours
(06:30-09:30 SLT) during all seasons. In the Africa-European sector (Figure 4.9(b) & (e)),
CZT and HER showed notable occurrence of APQDs during the afternoon hours (14:30-15:30
SLT) for all the seasons, with an increase during the D and J seasons, respectively, as compared
to their conjugate observatory pair. HER also observed a significant occurrence of APQDs
during the D season during 06:30-07:30 SLT, while APQDs at DOU mostly occurred in the
afternoon. No APQDs were observed at ESK during the J season, while CZT observed only
afternoon APQDs in this season. In the Asia-Australian sector (Figure 4.9(c), PAF observed
greater APQDs in the afternoon (14:30 SLT) during all seasons, with greater occurrence during
the D and E seasons. However, APQD occurrence was greater in the afternoon during the D

season at NVS and scarce or absent during the E and J seasons (Figure 4.9(f)).
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Figure 4.8: Same as Figure 4.6 for the solar maximum phase.
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Figure 4.9: Same as Figure4.6 for the solar descending phase.
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In the low latitudes, KNY observed higher APQD occurrences during the morning (08:30-
09:30 SLT) during the D and E seasons, and during the afternoon (14:30 SLT) during the J
season. However, CTA observed a greater occurrence of APQDs in the morning (08:30-09:30,
07:30-09:30 SLT) during D and J seasons, but in both morning hours (08:30-09:30 SLT) and
afternoon hours (14:30 SLT) during the E season.

4.4 Spatial Distribution of APQDs Occurrence Rates and
Relation with Sq Foci Positions: Comparison of Solar

Minimum and Maximum Phases

In this section, a comparison of the characteristics of APQDs during solar minimum (2009)
and solar maximum (2014) with regard to the Sq foci positions was presented. Furthermore,
the variation of Sq foci latitudes by seasons and the deviation of Sq foci latitudes from the ideal
Sq schema were compared. The occurrence rates of APQDs at the ideal Sq schema was also

presented.

4.4.1 Comparison of the Variation of Sq Foci Position During the Mini-

mum and Maximum Phases

A comparison of the seasonal distribution of the Sq foci latitude positions during 2009 and
2014 has been made in Figure 4.10 (a) and (b), respectively. The number of QDs in 2009 was
104, and in 2014 it was 30. The plots show the Sq foci positions in magnetic latitudes in both
hemispheres for the D, E and J seasons. During solar minimum, the largest variation in the Sq
foci positions were found in the J season (Figure 4.10 (a)) in the Southern Hemisphere in all three
sectors, where poleward drifts were observed. Furthermore, large poleward migrations of the Sq
foci latitudes were also observed in the D season for both hemispheres of the Africa-European,
the Southern Hemisphere of the Asia-Australian sector, and the Northern Hemisphere of the
American sector. Large excursions of the Sq foci positions towards the magnetic equator were
observed mostly in the E seasons in the American sector, and mostly in the E and D seasons in the
Northern Hemisphere of the Africa-European and Asia-Australian sectors. Similar excursions
were observed in the D season of all sectors. In the Southern Hemisphere of the American

sector, most of the Sq foci positions were observed near the ideal Sq schema for 2009.

During solar maximum, the most deviations of the Sq foci latitudes from the ideal Sq schema,
particularly excursions towards the poles, were also found in the J season of 2014 (Figure
4.10(b)), as most QDs were observed in this season. However, sparsely similar deviations were

also observed in the D and E seasons of the Africa-European sector. Most excursions of the Sq
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foci latitudes towards the magnetic equator were observed in the J season of the Asia-Australian

sector in the Northern Hemisphere.

(a)

(b)

Figure 4.10: Seasonal distribution of Sq foci latitudes in NH and SH of all three longitude
sectors in 2009 (a) and 2014 (b).
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4.4.2 Statistical Analysis of Sq Foci Positions at both Ideal Sq Schema and
Beyond

The occurrence rates of Sq foci positions in magnetic latitudes of the ideal Sq schema (+30°)
in both hemispheres were depicted in Figures 4.11 (a) and (b) for 2009 and 2014, respectively.
Mostly, under 5% of the Sq foci latitudes were observed at the ideal Sq schema, with the
exception in the American sector in the E (6.7%) and J (10%) seasons of 2014. In 2009, the
highest occurrence of the ideal Sq schema was found in the American sector in the E seasons
(3.8%), followed by the D sector in the Southern Hemisphere (2.9%). However, the occurrence
rates of the Sq foci latitudes found beyond the ideal Sq schema varied across seasons as well
as longitudinal sectors. For example, Figure 4.11 (a) shows that in the American sector, the
largest occurrence of Sq foci lying beyond the ideal Sq schema was during the D season, while
the lowest was during the J season for both hemispheres. A similar trend was observed in the
Southern Hemisphere in the African-European and the Asia-Australian sectors. The seasonal
sequence of these two sectors in the Northern Hemisphere was E, D, and J, as per descending
occurrence rates. Generally, for both hemispheres, the seasonal occurrence rates of Sq foci
latitudes beyond the ideal Sq schema were in the descending order of D, E, and J seasons.
In the Asia-Australian sector, for both hemispheres, there was the exception of equal rates of
occurrence beyond the ideal Sq schema during the E season, while no occurrences were found

at the ideal Sq schema.

Figure 4.11 (b), which shows the results for 2014, indicates that in the American sector,
the largest occurrence of Sq foci lying beyond the ideal Sq schema was during the J season,
while the lowest was during the D season for both hemispheres. However, in the Northern
Hemisphere, the seasonal sequence of the occurrence rate of the ideal Sq schema in descending
order was J, E, and D for all sectors. Equal occurrence of the ideal Sq schema was observed in E
and J seasons of the Northern Hemisphere of the Africa-European and Asia-Australian sectors
(3.3%), while no occurrence was recorded in the same hemisphere for the D season in all three
sectors. In addition, the ideal Sq schema was not observed in the Southern Hemisphere for all

seasons and sectors, except for the E seasons of the American sector, which was 6.7%.
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(a)

(b)

Figure 4.11: Bar graphs of occurrence rates of Sq foci at +30° and outside for LL and ML in
both hemispheres for QDs in 2009 (a) and 2014 (b).

4.4.3 APQDs Observed During Ideal Sq Schema in 2009 and 2014

The analysis of specific cases in 2009 and 2014, with particular scrutiny of the most elevated
Sq foci positions and their corresponding APQDs within specific sectors, elucidates the most
pronounced instances of ionospheric current system displacement as observed during these
solar cycle phases. Investigating the characteristics of APQDs occurring under normal Sq foci

positions provides a baseline for comparison, enabling the identification of unique features
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associated with APQDs that occur under extreme Sq foci variations. On the other hand, APQDs
have also been observed at normal foci positions in 2009 and 2014, and were tabulated in Table
4.3.

Table 4.3: APQDs occurrence rate as observed at normal Sq foci latitudes

Years 2009 (%) 2014 (%)

NH 8.6 3.8

SH 4.8 1

As depicted in the Table 4.3, the Northern Hemisphere had higher occurrence rates of APQD
during the ideal Sq schema in both 2009 and 2014.

Research indicates that the ionospheric response depends on the sector structure of the IMF,
because sector boundary crossings may influence the ionosphere during periods of geomagnetic
quiet conditions (Butcher & Brown, 1980). The ionosphere shows variation in electron tem-
perature and density, as well as electric field conductivity during quiet periods, and modifies
the ion-neutral coupling, which indirectly affects the Sq foci latitudes (Richmond, 2011). The
modulation of ionospheric parameters and the Sq foci latitudes shows variations without major
geomagnetic activity due to solar radiation, tidal winds, and electrodynamic processes in the

coupled thermosphere-ionosphere system (Liu et al., 2013).

4.5 Cases of Localized APQDs in 2009 and 2014 and Rela-

tionship with Sq Foci Positions

The geomagnetic field configuration influences the distribution of ionospheric currents, the
flow of FACs between hemispheres, and the coupling between the ionosphere and magnetosphere
from a localized perspective. Key features of the geomagnetic field influences for localized

phenomena include the following:

1. The Earth’s magnetic field exists as a dipole, but its structure includes major non-dipolar
elements. The non-dipolar components of the geomagnetic field produce asymmetries
which affect the distribution of ionospheric currents and FACs (Le Sager & Huang, 2002;
Gasda & Richmond, 1998).

2. The geomagnetic field shows variations that extend across both longitude and latitude,

which modify the ionospheric current system. The equatorial and polar regions show the
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most significant variations in these geomagnetic field characteristics (Le Sager & Huang,
2002; Gasda & Richmond, 1998).

3. The geomagnetic field links the ionosphere to the magnetosphere through FACs and iono-
spheric currents. The Earth maintains its global electrical circuit through this essential
coupling process (Le Sager & Huang, 2002; Tsunomura, 1999).

In order to visually depict and comprehend the influence of IHFACs on localized APQDs
occurring in a certain longitudinal sector, a comparative analysis of APQD characteristics for
the years 2009 and 2014, representing contrasting phases of solar cycle 24, was presented in
this section. Valuable insights were documented based on the analysis of the dependence of the
phenomena on the solar cycle.

Narrowing the research down to specific cases in 2009 and 2014, the research identifies
instances of the most elevated Sq foci latitudes, as well as foci positions near to ideal Sq schema
and associated localized APQDs in particular sectors. The APQDs occurring under normal
Sq foci positions have been considered and reported on, thereby establishing a comprehensive
overview of the range of APQD phenomena during minimum and maximum phases of solar

cycle 24.

Three cases have been discussed using noteworthy examples to demonstrate the influence of
IHFACs on APQDs:

1. Sq foci positions found beyond 35° magnetic latitudes in both hemispheres

2. One of the Sq focus positions is identified between 30° and 35° magnetic latitudes in one

hemisphere, and the other position beyond 35° magnetic latitudes in the other hemisphere

3. APQDs at magnetic latitudes between 30° & 35° in both hemispheres

4.5.1 Cases of Localized APQDs in 2009 & 2014, and the Relationship

with Sq Foci Positions

As mentioned in Section 4.5, this subsection elaborates on the three cases individually and
presents the contour plots of Sq(H) and Sq(Y) alongside the magnetograms to depict localized
APQD occurrence in specific longitudinal sectors for 2009 and 2014 (Figures 4.12-4.17). The
contours were plotted using Sq(H) and Sq(Y). IHFACs can be observed in Sq(Y) contours as

the Y and D components in nT were most susceptible to such current systems.
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4.5.1.1 Sq Foci Beyond the Ideal Sq Schema

(a) (b) (©)

Figure 4.12: A comparison of contour plots of Sq(H) in (a) and Sq(Y) in (c) overlaid with
calculated Sq foci latitudes. The magnetograms (b) for the Africa-European sector were depicted
with NQDs (in maroon) and localized APQDs (in blue) for 23 January 2009.

(a) (b) (©)

Figure 4.13: Same as Figure 4.12 for the Africa-European sector on 5 June 2014.

On 23 January 2009, during the sudden stratospheric warming (SSW) event, APQDs were

observed in the Africa-European sector. The foci positions in each hemisphere were located at
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55°N and 54°S (Figure 4.12 (a) and (c)) magnetic latitudes. At the observatories of ESK and
DOU in the Northern Hemisphere, and HER and CZT in the Southern Hemisphere, as well as
at MBO in the equatorial region (Figure 4.12 (b)), the peaks as APQDs were observed as the

Sq foci latitudes were situated closer to high latitudes in both hemispheres.

On 5 June 2014, the foci positions in each hemisphere were located at 42°N and 44°S
magnetic latitudes (Figures 4.13(a) & (c)). APQD dips were recorded at ESK and CZT, in
the Northern and Southern Hemispheres, respectively. However, morning and afternoon peaks
were observed at TSU and ESK in the Southern and Northern Hemispheres, respectively, as
depicted in Figure 4.13(b).

4.5.1.2 Sq Focus between 30° and 35° in One Hemisphere

On 17 June 2009, in the Asia-Australian sector, the Sq focus in the Southern Hemisphere
was located at 71° and at 32° in the Northern hemisphere (Figure 4.14 (a) and (c)). APQDs in
the form of peaks were phase-shifted in the afternoon for KNY and in the morning for PHU in
the Northern Hemisphere, and for CTA and ASP in the Southern Hemisphere (Figure 4.14(b)).
As the Sq focus position was situated at higher latitudes in the Southern Hemisphere, normal

peaks were observed for CNB and EYR, where a normal dip was expected.

(a) (b) (c)

Figure 4.14: Same as Figure 4.12 for the Asia-Australian sector on 17 June 2009.
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(a) (b) (©)

Figure 4.15: Same as Figure 4.12 for the American sector on 25 August 2014.

Localized APQDs were observed in the American sector on 25 August 2014 when the Sq
foci latitudes were situated at 32°N and 36°S magnetic latitudes as depicted in Figures 4.15 (a)
& (c). Phase-shifted dips were observed in the morning at BSL in the Northern Hemisphere
and in the afternoon at PST in the Southern Hemisphere (Figure 4.15 (b)).

4.5.1.3 Sq Foci between 30° and 35° in the Northern and Southern Hemispheres

On 8 September 2009, the Sq foci latitudes were situated at 34°N & 31°S (Figures 4.16(a)
& (¢)). In the Northern Hemisphere, a localized APQD in the form of a phase-shifted dip was
observed at BSL as the Sq focus was located between BSL and SJG, hence a normal peak was
observed at SJG. In the Southern Hemisphere, the SQ focus was located between VSS and
PST; hence, a normal peak and dip were observed, respectively (Figure 4.16(b)). However, a
phase-shifted peak in the early morning hours at PST was observed, where a normal dip was
expected in the afternoon within the shaded time region, similar to that which was recorded at
BSL.
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(a) (b) (©)

Figure 4.16: Same as Figure 4.12 for the American sector on 8 September 2009.

(a) (b) (©
Figure 4.17: Same as Figure 4.12 for the Asia-Australian sector on 7 July 2014.

Localized APQDs were observed in the Asia-Australian sector on 7 July 2014. The Sq foci
positions were located at 32°N and 30°S (Figures 4.17 (a) & (c)). Afternoon and morning
phase-shifted peaks were observed at KNY in the Northern Hemisphere as well as at CTA and
ASP in the Southern Hemisphere, respectively (Figure 4.17 (b)). Additionally, a phase-shifted
dip was observed at CNB.
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4.6 Summary

This section presents the results of the study and concludes that all the objectives were
met. The statistical analysis of APQDs in the low- and mid-latitudes for selected conjugate
magnetic observatory pairs in both hemispheres provided insights into the asymmetric nature
of the geomagnetic field over seasons and during the solar cycle phases. The main results from

all sections are summarized in the paragraphs.

Generally, it was observed from Section 4.1 that both regionally and globally, APQDs
occurred at a high rate in the Northern Hemisphere’s low-latitudes and in the Southern Hemi-
sphere’s mid-latitudes. Furthermore, the highest rate of occurrence was observed for the D
season in the low- and mid-latitudes, while the lowest occurrence was observed for the E season
in the low-latitudes, but in the E and J seasons in mid-latitudes during all phases of solar cycle
24. However, the sector with the dominant APQD occurrence rates changed with latitude and
solar cycle phase. The most APQDs were observed in the NH of the solar minimum phase
(37%) and SH of the solar maximum phase (35%). The least APQDs were observed in the NH
of the solar ascending phase (27%) and the SH of the solar minimum phase (31.2%).

In general, it was observed in Section 4.2 that the occurrence rates of APQDs were higher
in the low latitude observatories of the Northern Hemisphere, while the occurrence rates were
higher in the mid-latitudes of the Southern Hemisphere. Also, the low-latitudinal observatory,
KNY, in the Asia-Australian sector of the Northern Hemisphere and the mid-latitudinal ob-
servatory, CZT, in the Africa-European sector of the Southern Hemisphere exhibited higher
occurrence rates of APQDs in all phases of solar cycle 24. The observed patterns suggest that
APQD generation mechanisms may vary across different latitudes and geographic regions. The
magnitude of this hemispheric difference varied across sectors, suggesting potential regional

influences on APQD generation mechanisms.

Generally, from results of Section 4.3, it was observed that most of the NQDs occurred during
08:30-13:30 SLT and 10:30-13:30 SLT for the low- and mid-latitudinal observatory pairs in the
Northern and Southern Hemispheres, respectively. Irrespective of the hemispheres, a higher
APQDs occurrence rate generally occurred during the morning hours of the low-latitudes,
especially during the D season, and during the afternoon hours for the mid-latitudes during all

the seasons.

The stark differences between the solar minimum (2009) and solar maximum (2014) high-
lighted the complexity of ionospheric dynamics in the quietest periods. In general, the results
from Section 4.4 depict that equatorward drifts of the Sq foci latitudes were observed in the

northern hemisphere of the E and D seasons of all sectors in 2009 while it was observed only
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in the J season of the Asia-Australian sector in 2014. Moreover, the most poleward drifts
were observed in the J season of the Asia-Australian sector in 2009 but were observed in the
American sector in 2014. Moreover, most APQDs observed at normal Sq foci latitudes were
in 2009 in the NH (8.6%). During QDs, most of the Sq foci latitudes were observed beyond
30° for both 2009 and 2014. However, normal Sq foci latitudes for the America sector, 3.8% in
both hemispheres of the E season, and 10% in NH of the J season were observed in 2009 and

2014, respectively.

As manifested in ground magnetic observatory data, the results demonstrate a close con-
nection between APQDs and Sq foci latitudes. These were elucidated by case studies of the
characteristics of the localized APQDs in 2009 and 2014. Generally, as depicted in Section
4.5 localized APQDs were observed near the Sq foci latitudes during the ideal Sq schema.
Variations in Sq foci latitudes in the Southern Hemisphere were recorded and it caused APQDs
at observatories located close to the Sq foci latitudes during the June solstice of 2009. However,
APQDs were observed at the mid-latitudes beyond the Sq foci latitudes on the June solstice of
2014.

The scientific insights are discussed in more detail in Chapter 5.
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Chapter 5

Discussions and Conclusion

This section presents discussions on significant findings made in this research project. The
aim of this study was to formulate the methodology for the identification and characterization of
APQDs using ground magnetic observatory data. The H component was processed to calculate
Sq variations for QDs in every phase of solar cycle 24 using a selection criterion of sunspot
number as mentioned in Chapter 4. SYM-H index was used to evaluate QDs in all solar cycle
phases by applying a threshold of [SYM-H| < 10nT for QDs. The correct times of the peaks
and dips for NQDs and APQDs were assessed according to the criteria defined in Chapter 3,
Section 3.9. The statistical analysis in terms of local, regional and global occurrences of APQDs
has been carried out according to the methodology mentioned in Section 3.9.2. The seasonal
statistical analysis, along with notable discrepancies, is highlighted and discussed. Regional
and global seasonal statistics of APQDs and for conjugate latitude regions have been reported
in all phases of solar cycle 24. The occurrence rates of APQDs and hourly distribution plots
of conjugate magnetic observatories with the highest APQDs report the asymmetries of the
hemispheres. The X and Y components of the geomagnetic field were formed into vectors and
rotated to form equivalent current vectors. These vectors were also used to assess the Sq foci
latitudes that were calculated for 2009 and 2014. These latitudes were also used to compare the
occurrence rates of the ideal Sq schema and the extent of influence on APQDs. The localized
influence on APQDs occurrences has been assessed for 2009 and 2014 in case studies for Sq
foci latitudes in all the sectors. The chapter culminates with conclusions reached based on the

results of this research project as well as suggestions on possible future work.

5.1 Discussions

The examination of global, local, and regional APQDs throughout 2008-2019 reveals a
complex interplay of factors influencing their occurrence, most of which have been discussed
in the following paragraphs. The analysis of APQDs on a global scale provides a broad
perspective on the overall ionospheric dynamics during solar cycle 24, showing how variability
in the solar cycle can induce abnormal phase shifts. APQDs are identified according to phase-

shift occurrence with respect to local time and maximum amplitude of peaks and dips. During
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APQDs there is both enhanced amplitude of Sq(H) and phase-shift of both peaks or dips, but
only the discussion on the statistical results of occurrence rates of the phase-shifted peaks and

dips is presented here.

5.1.1 Hemispheric and Latitudinal Asymmetry

Statistical analysis of latitudinal and hemispheric APQD occurrence, incorporating data
from an equal number of observatories in the Northern and Southern Hemispheres with respect
to magnetic latitude and geographic longitude, highlights the hemispheric asymmetries and
latitudinal dependencies in different longitude sectors. Analysis of hemispheric asymmetries
reveals differences in APQD occurrence rates and characteristics between the Northern and
Southern Hemispheres. The asymmetries can arise due to differences in the geomagnetic
field configuration, land-sea distribution, and atmospheric circulation patterns between the
two hemispheres (Liu & Lu, 2010). From Figures 4.1 - 4.4, the global and regional APQDs
occurrence rates of low- and mid-latitudes were the highest in the D season in all phases of
solar cycle 24. Particularly, global APQD occurrences were the highest (56%) in the mid-
latitudes of the solar minimum phase, and the regional occurrences were the highest in the
American mid-latitudes (68%) in the solar ascending phase in the D season. It is suggested
that seasonal and longitudinal atmospheric tides (migrating and non-migrating), the Sq vortex
migration, and regional anomalies (for example, over the SAA) modulate conductivity and
current geometry and so shift Sq phase on quiet days (Koch & Kuvshinov, 2015). It is well
established that changes in Sq(H) results from changes in ionospheric dynamo region which
depend on latitude, season, local time and solar activity (Butcher & Brown, 1981a). E-region
dynamo control modulates the Sq and phase variations. Quiet-day models and observations
show that conductivity (hence phase variability) responds to solar EUV, daylength and local
neutral wind structure (Campbell et al., 1989; Campbell, 2003). From Figures 4.1 - 4.4, subplots
a and b, it is evident from observations that E season has recorded the lowest APQDs for low-
latitudes in all phases of solar cycle 24. Reduced EUYV, in the local winter or due to low solar
flux, lowers E-region conductivity and can delay or advance the Sq phase relative to the E season
(Campbell et al., 1989; Liu et al., 2024). Variations of thermospheric neutral winds, tides and
vortex dynamics displace the Sq current vortex and change the phase of local Sq(H) (Morozova
et al., 2020; Wu et al., 2021). It is also highly likely that sudden D-region enhancements
(e.g., solar crochets) or persistent EEJ/CEJ anomalies can alter current height and phase even
when SYM-H is quiet (Koch & Kuvshinov, 2015; Annadurai et al., 2018). However, Yamazaki
and Maute (2017) stated that EEJ is associated with the eastward electric field resulting from
the ionospheric dynamo at low-latitudes, and the variations in the EEJ current system are due
to atmospheric tidal modes, resulting in phase-shifts observed in low-latitude observatories

close to the magnetic equator (Figure 4.5, subplot a) during solar minimum phase. A slowly
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varying non-storm component (magnetopause and displaced ring/tail currents) contributes to
the Dst/SYM-H seasonal baseline and thus to quiet-time H offsets that change seasonally and
with sunspot phase (Cliver et al., 2001). The Sq vortex location and shape vary seasonally
and with atmospheric tidal forcing, producing the equinoctial/solstice asymmetries and the
D-season phase offsets of Sq(H) (Wu et al., 2021; Annadurai et al., 2018). The Sq current
vortex is affected by non-migrating thermospheric tides, which can shift and deform the vortex,
particularly over the Asia-Australian sector (Zhang et al., 2024). These tides cause the Sq
current to form a tilted ellipse as it moves northwestward, deviating from the geomagnetic
equator (Zhang et al., 2024). In Figure 4.1, the American sector had higher APQDs in the
D and E seasons in low latitudes compared to the Asia-Australian sector. This could be due
to non-migrating tidal components producing longitudinal differences in Sq foci latitudes and
phase leading to systematic scattering of the Sq foci latitudes and local phase offsets in the D
season which are not captured by global indices, particularly in the American sector (Koch &
Kuvshinov, 2015; Wu et al., 2021). Moreover, during equinoctial and summer seasons, there is
a significant exchange of currents across the equator, which is not observed during the winter
season. This exchange contributes to the westward shift of the Sq focus over the Pacific Ocean
region (Chandrasekhar & Fontes, 2004). This may explain the higher occurrences of APQDs
in the E and J seasons of the Asia-Australian sector (Figures 4.1 - 4.4). Talha et al. (2021)
stated that the magnitude of the Sq current depends on ionospheric conductivity, while phase
variability depends on winds and electric field. Variations in the electric field are caused by
FACs. These currents enter before noon-time and leave at post noon-time at high-latitudes.
These currents at mid-latitudes result in west-east currents during daytime, which may build
up the super-posed northward field (SPNF) to cause abnormal phase-shifts at the mid-latitudes,
(Takeda, 1982; Takeda & Maeda, 1980).

5.1.2 Drivers of APQDs at Low-Latitude Observatories

The Northern Hemisphere observatories of SJG and KNY in the low-latitudes observed
higher APQD occurrences throughout solar cycle 24 as depicted in Figures 4.5, subplots a-d.
The ionospheric dynamo variations at the equatorial region and low-latitudes induce minor yet
distinct southward H perturbations, altering the phase of the Sq(H) diurnal maximum. These
perturbations, closely linked to counter-electrojet (CEJ) conditions, significantly contribute to
the phase variability observed on geomagnetically quiet days (Sastri, 1982). The CEJ induces a
daytime depression in the H-component, shifting the timing of the Sq(H) peak. Although smaller
than storm signals, these perturbations can shift the apparent diurnal maximum by several hours
on quiet days, likely influencing the phase shifts observed at KNY and SJG. Studies suggest that
a slowly varying imposed field, associated with IMF B, or transported IMF, modulates Sq(H)

amplitude and phase shifts on quiet days, consistent with a build-up and decay over multiple
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days before and after the APQD interval (Brown, 1986). Moreover, magnetospheric electric
fields and resulting ionospheric currents are invoked to explain the low-latitude imposed fields
during quiet times. Even during northward IMF B, the H-component at low latitudes responds
to short-timescale solar-wind dynamic pressure variations, producing minute-to-minute Sq(H)
excursions that can perturb phase timing around local noon and midnight (Francia et al., 1999).
Quiet-time transient compressions and magnetospheric impulse events (MIEs) driven by solar-
wind dynamic pressure can produce low-latitude Sq(H) deflections, altering phase estimates on
quiet days. The low-latitude Sq(H) response to pressure changes varies with local time, making
phase shifts more likely to be recorded in narrow local-time sectors (Francia et al., 1999; Konik
et al., 1995).

5.1.3 Seismic and Telluric Effects at KNY

The high APQD occurrence at KNY thoughout the solar cycle may be explained by tectonic
movements (see Figure 4.5, subplots a-d). As an earthquake-prone site, seismic and telluric
currents are likely to cause APQDs at KNY. Telluric currents, induced by ionospheric and mag-
netospheric currents, contribute to geomagnetic variations measured by ground magnetometers
(Viljanen et al., 2020). Abnormal magnetic field variations are attributed to telluric current
deflections, revealing crustal structure (Le Mouel & Menvielle, 1982). Telluric currents may
influence macrofracturing in Earth’s crust, potentially triggering earthquakes (Trenkin, 2015).
Furthermore, ULF/ELF emissions cause magnetic signatures when lithospheric bursts and at-
mospheric radiation occur before major earthquakes, perturbing ionospheric currents that affect
ground Sq variations (Sharma et al., 2021; Marchetti et al., 2024). Lower ionosphere con-
ductivity changes alter the ionospheric dynamo, modifying Sq current magnitudes and phases
regionally (Li et al., 2019; Hayakawa et al., 2021). Atmospheric gravity waves can displace
ionospheric plasma, changing dynamo forcing and Sq patterns (Hayakawa et al., 2021; D’Angelo
et al., 2022). Conjugate coupling spreads ionospheric perturbations along field lines (Li et al.,
2019) as the magnetic conjugate station of KNY, CTA, depicted APQDs in all phases, albeit
almost reduced in half, quantitatively (Figure 4.5, subplots a-d). Reduced H or Z amplitudes
with phase anomalies indicate Sq alterations during seismic events (Li et al., 2019). External
ionospheric currents affect magnetotelluric measurements, with models showing Sq foci lati-
tude variations with season and solar activity (Yamazaki et al., 2011b; Liu et al., 2024). These
effects can amplify subsurface anomalies, requiring assessment of ionospheric conditions. At
KNY, ocean-induced currents and their phase effects were evaluated in the North Pacific and
found not to account for the anomalous responses at Kakioka (KAK) or Kanoya (KNY), so
ocean induction is not the primary quiet-time cause at those Japanese stations (Takeda, 1993).
Moreover, local magnetization anomalies and spatial gradients have been documented and can

explain some quiet-time abnormal phase behavior, with crustal/backfill magnetization and spa-
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tially heterogeneous geomagnetic components being important local contributors (Yamazaki
et al., 2011a; Sato et al., 2020; Takeda, 1993)

5.1.4 Mid-latitude APQDs and Magnetospheric Coupling

The Southern Hemisphere observatories of CZT (69%), HER (56%), AMS (55%), and PAF
(66%) in the mid-latitudes have consistently greater APQD occurrences as depicted in Figures
4.5, subplots a-d, particularly in the solar maximum phase. Ionospheric drivers play a central
role in producing large day-to-day phase variability and abnormal phase shifts observed at mid-
latitude stations. These drivers involve changes in the ionospheric current system, including the
solar-quiet (Sq) variation and superposed anomalous currents. On APQDs, the normal Sq(H)
timing and amplitude are altered by an imposed ionospheric current system, reducing the normal
H variation and shifting its maximum outside the usual local time window (Butcher, 1989). The
formation of abnormal phase-shifts is characterized by a persistent superposed northward field
and associated west-east ionospheric currents that build up over several days, modifying Sq
amplitude and phase (Brown, 1986). The strength and sense of this imposed ionospheric field
correlate with IMF B, polarity, explaining repeated phase-shifts and poleward movement of
the Sq foci latitudes on quiet days having abnormal phase-shifts, particulry for the mid-latitude
observatories of the Northern or Southern Hemisphere (Butcher, 1986; Brown, 1986). Day-
to-day variability of quiet-time baselines includes Sq fluctuations embedded in derived quiet
baselines, contributing to ionospheric timing anomalies even on the "quietest" days (Haberle
et al., 2022). Magnetospheric coupling processes play a significant role in creating short-
time minima in H records, often reflecting magnetosphere-to-ionosphere forcing on APQDs.
Even small substorms can form daily H minima on quiet days, while current vortices link
anomalies at separated mid-latitude stations (Schlapp et al., 1988). Magnetospheric substorms
are particularly important in producing H minima that define APQDs at mid-latitudes, making
magnetospheric dynamics crucial even under low indices (Schlapp et al., 1988). Short-period
variations at mid-latitudes are influenced by current systems, including partial ring currents
and FACs, which alter H phase and timing (Vieira et al., 2003). Additionally, low-latitude
ULF pulsations, such as Pi2 and Pc3, exhibit distinct phase characteristics that can affect
phase relationships across latitudes (Li et al., 1998). Field-line resonances (FLRs) are a
significant mechanism for generating ULF pulsations, and their presence at mid-latitudes is
well-documented (Menk et al., 2000). The variation in resonant frequency with latitude can
introduce phase shifts, potentially causing timing anomalies between stations in the mid-latitude
region (Menk et al., 2000).
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5.1.5 Regional and Longitudinal Factors of Anomalous Sq(H) Variations

Regional and longitudinal factors also contribute to variations in Sq(H). Longitude and
season affect how ionospheric dynamo and magnetosphere-ionosphere currents project into
Sq(H), causing regional phase variations. Longitudinal variations in the main field modify
the ionospheric E-region dynamo’s EMF and FACs, resulting in observatories close to Sq foci
latitudes in the mid-latitudes observing different Sq phases (Le Sager & Huang, 2002). The
main field structure alters dynamo forcing and FAC closure, creating sectoral differences in
Sq timing (Le Sager & Huang, 2002). Furthermore, data processing methods, particularly
baseline derivation, can cause Sq variability while isolating disturbances (Haberle et al., 2022).
In addition, the tilt angle of the geomagnetic field is globally distributed and affects the annual
and semiannual variations of the Sq currents (Tian et al., 2022). At mid-latitudes, the annual
mean and semiannual amplitudes of the Sq currents are negatively correlated with the magnetic
field strength, particularly in geomagnetic anomaly areas (Liu et al., 2024). This correlation is
more pronounced in the Southern Hemisphere, where the tilt angle has a stronger influence on
the ionospheric currents (Le Sager & Huang, 2002). This can elucidate the large APQDs of
mid-latitude observatories of Africa-European and Asia-Australian sectors such as CZT, HER
and PAF in all phases of the solar cycle (Figures 4.5 (a-d)). However, the ionospheric dynamo
processes in the American sector are less susceptible to disturbances that could lead to abnormal
phase shifts. This is because the day-to-day variability in the Sq(H) component is more often due
to unrecognized disturbance field variations rather than inherent ionospheric current variability
(Hibberd, 1981). According to Le Sager and Huang (2002), the American sector’s geomagnetic
field configuration is such that it supports a stable Sq current system, reducing the likelihood of
phase shifts due to vortex tilting. This stability is attributed to the specific geomagnetic latitude
and the main field’s modulation of the ionospheric dynamo EMF, which helps maintain current
continuity across hemispheres, especially in the Southern Hemisphere (Le Sager & Huang,
2002).

5.1.6 Seasonal Effects in Low-Latitude APQDs

At low-latitudes, global and regional APQDs occurrence rates obtained in the E season
are much lower as compared to J and D seasons (Figures 4.1 - 4.4), which is similar to the
observations from the low-latitude observatories, Addis Ababa (AAE), Trivandrum (TRD), and
Alibag (ABG), reported in Last et al. (1976). However, for low-latitude observatories, high
occurrence rate of APQDs was observed in all phases of the solar cycle except for solar maximum
phase (Figures 4.1-4.2,4.4 subplots aand b). Lastetal. (1976) suggested that dominant APQDs
at low-latitudes in summer may be related to the afternoon electrojet that causes abnormal phase-

shifts in inverse relation with solar activity, i.e., solar minimum phase, which is supported by
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the higher occurrence rates J season for low-latitudes in the Northern Hemisphere. Figure 4.5,
subplots a-d, depict the APQD occurrences for low-latitude observatories. A low amplitude
negative peak in Sq(H) resulting in a possible peaked phase-shift for low-latitude observatories
could be a result of CEJ, (Bolaji et al., 2013). Global Sq current flows eastward while EEJ flows
either eastward or westward. Bolaji et al. (2013) proposed that if both currents are directed
eastward, then the Sq current will be enhanced, but if EEJ is directed westward and greater than
the global Sq current, then it results in CEJ, hence, results in phase-shifts as well as depressions
in Sq(H) amplitudes. CEJ results from the late reversal of the night-time westward current
to the daytime eastward current. Kane (1975) stated that CEJ at equatorial stations results
from the disappearance of equatorial E, occurrence. Bolaji et al. (2013) also explained that
westward magnetospheric ring currents from dusk to night-time period also result in negative

perturbations in Sq(H) on QDs.

5.1.7 Ionospheric Conductivity and Sq Current Tilting

Ionospheric conductivity is another critical factor in the tilting of the Sq current system. The
conductivity varies with solar activity, and this variation influences the dynamo electric fields
and the neutral wind velocities (Takeda, 2013) as is evident from the solar maximum phase
(Figure 4.3, subplot ¢). During solar maximum, the conductivity is higher, leading to stronger
ionospheric currents and a more pronounced tilt in the T-type system (Takeda, 2013), causing
morning as well as afternoon phase-shifts. Such phase-shifts were observed in HER in the
morning and afternoon hours, while afternoon phase-shifts were observed mostly in CZT and
PAF (Figures 4.6-4.9). However, higher APQDs rates in the morning and afternoon in solar
maximum were observed compared to the solar minimum (Figures 4.6-4.9). The conductivity
also varies with season, with higher conductivity during the local summer due to increased solar
radiation. This seasonal variation in conductivity contributes to the tilting of the Sq current
system, particularly in the Southern Hemisphere (Le Sager & Huang, 2002; Stening, 2008).
Solar activity is a significant driver of the tilting in the Sq current system. The solar radiation
modulates the ionospheric conductivity and the neutral wind velocities, which in turn affect the
ionospheric currents (Takeda, 2013). Solar activity also influences the seasonal variation of the
Sq currents. The annual and semiannual components of the Sq currents are more pronounced
during solar maximum, particularly in the Southern Hemisphere (Liu et al., 2024; Le Sager &
Huang, 2002).

The effective integrated conductivity within different ionospheric regions also plays a sig-
nificant role in linking various regions electrically. Baker and Martyn (1953) emphasized that
regions with high conductivity may shunt others with appreciable conductivity, thereby reduc-
ing the overall effective value across the ionosphere’s thickness. This electrical linkage is vital

for interpreting how different regions interact and influence each other. The tilting of the Sq
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current system has significant implications for the ionospheric and geomagnetic field dynamics.
The T-type system is associated with inter-hemispheric field-aligned currents (IHFACs), which
connect the Sq current systems in the two hemispheres (Tian et al., 2022). These currents play
a crucial role in the coupling of the ionospheres in the Northern and Southern Hemispheres
(Lihr et al., 2015). The tilting also affects the longitudinal variations of the Sq currents. Tian
et al. (2022) suggested that the Southern Hemisphere exhibits stronger longitudinal variations
in the annual component (Sql), particularly in the Eurasia and Australia anomaly zones, as is
evident from the localized phase-shifts in the Asia-Australia sector in Figure 4.17, subplots a,
b, c. These variations are attributed to the non-dipole components of the geomagnetic field and
the ionospheric conductivity (Tian et al., 2022). Takeda (2002) studied the global geomagnetic
Sq field from 1980 to 1990 and revealed that the Sq current system exhibits distinct seasonal
patterns, with a "northern summer type" and "northern winter type" but no "equinox type".
Stening and Winch (2013) showed that the spherical harmonic analysis showed that the current
system’s vortices have an annual variation, with maximum amplitudes in summer, and that the
tilting of current contours is due to midday IHFACs. Yamazaki and Maute (2017) reviewed
various data analysis methods, such as spherical harmonic analysis, to interpret the geomagnetic
daily variation and its source ionospheric currents. Hobbs (1981) compared Sq analyses with
model calculations, highlighting discrepancies due to the location of magnetic observatories

and the influence of oceanic currents.

5.1.8 Atmospheric Dynamics Contributing to Morning and Afternoon
APQDs

Higher APQD occurrences were observed in afternoon hours for all seasons of the mid-
latitude observatories in the Africa-Europe and Asia-Australia sectors across solar cycle phases
(Figures 4.6 - 4.9, subplots b, c, e, f). Bolaji et al. (2013) attributed higher afternoon APQDs
to increased phase-shifted Sq(H) amplitude during daytime due to solar heating and maximum
prevailing winds around noon. Afternoon APQDs could be caused by tilting of the Sq current
system. Brown (1975) proposed that Sq movements about the SLT show asymmetry between
hemispheres, with skewness and longitudinal movement varying seasonally. The Sq loop in
the Northern Hemisphere rotates clockwise in winter and sunspot minimum due to decrease
in E-region conductivity, causing greater APQDs occurrences, while rotating anticlockwise in
summer and sunspot maximum (Brown, 1975). The geomagnetic field configuration influences
Sq current system tilting when non-dipole components of the geomagnetic field modulate
ionospheric currents, forming the T-type system (Liu et al., 2024; Le Sager & Huang, 2002).
The T-type Sq current system, observed in the Southern Hemisphere, has a tilted structure due
to geomagnetic field asymmetry (Liu et al., 2024; Le Sager & Huang, 2002). The F-type Sq

current system, typically observed in the Northern Hemisphere, is more symmetric due to the
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dominant dipole component and remains stable during solar quiet days (Le Sager & Huang,
2002; Stening, 2008), which could suggest fewer to no afternoon APQDs in the low- and mid-
latitudes of the Northern Hemisphere in the Africa-European and Asia-Australian sectors in
Figures 4.6 - 4.9, subplots b, c, e and f.

Higher APQD occurrence rates were observed in the morning seasons for mid-latitude
observatories of America and Asia-Australia sectors across solar cycle phases (Figures 4.6 - 4.9
subplots b, c, e, f). Brown (1975) found morning APQDs resulting from decreased stratospheric
isobaric height, while afternoon APQDs from increased isobaric height. These changes relate to
pressure isopleth oscillations at greater heights (Brown, 1975). Decreased stratospheric isobars
cause E-region electron density reduction, with greater effect in the dynamo region, causing
ionization compression and higher peak density (Brown, 1975). Shinbori et al. (2014) linked
high neutral wind speeds to low isobaric heights, while Talha et al. (2021) connected local wind
system variation to Sq(H) phase-shifts in the morning hours, causing phase-shifts, especially

for low-latitudes.

5.1.9 Sq Foci Latitudes and Current System Shifts

The Sq foci occurrence rate at +£30° and beyond in all three sectors reveals how the ionospheric
current system shifts from its standard position during NQD and APQD events. The Sq foci
usually exist between +30° magnetic latitude in both hemispheres under normal circumstances
because of the EEJ effects and worldwide ionospheric conductivity patterns (Yamazaki & Maute,
2017). The Sq current function shows longitudinal variations because tidal winds affect the
dynamo-generated electric fields and currents, hence affecting the Sq foci latitudes differently
in different longitudes (Pedatella et al., 2011).

Stable Sq foci latitudes in the D and E seasons of all sectors (Figure 4.11, subplot b)
were observed in 2014, whereas similar stable Sq foci latitudes were observed in the J season
(June solstice) for the Northern Hemisphere and D season (December solstice) in the Southern
Hemisphere in 2009. The intensity of the Sq current is closely related to solar activity, with
stronger currents observed during periods of high solar activity because the increased solar
radiation enhances ionospheric conductivity, leading to more robust current systems (Zhao et
al., 2014). During solar maximum, the peak current intensity tends to occur near the equinoxes,
while during solar minimum, it peaks near the solstices (Zhao et al., 2014). Atmospheric
conditions, such as tidal winds and solar UV radiation, play a crucial role in shaping the

seasonal patterns of the Sq current system (Pedatella et al., 2011).

The large variations of the Sq foci latitudes were observed in the June and December

solstices in 2009 and in 2014 (Figures 4.11, subplots a, b). Additional research using numerical
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models and satellite data indicates that specific semidiurnal modes such as the (2,4) and (2,3)
components and the interaction of tidal winds with planetary waves further contribute to local
time and longitudinal variations in electric fields and currents (Richmond et al., 1976). Planetary
wave-tide interaction has been observed to have the strongest effects in local winter at low- and
mid-latitudes in the minimum phase of the solar cycle(Liu et al., 2010), which can most likely

explain the variation in the Sq foci latitudes as depicted in Figure 4.11, subplot a).

Figure 4.10, subplot a, depicts equatorward foci latitudes in the Northern Hemisphere mostly
in the D season of all sectors and the E season of the America and the Asia-Australia sector
for 2009. According to Butcher (1987), it is found that the current that produces primary
variations in Sq(H) is single current vortex (SCV), which causes abnormal quiet days. SCV
flows across the equator either clockwise or anticlockwise and its amplitude reduces if it flows
counterclockwise, while it increases if it flows clockwise (Butcher, 1989). The driving source
of SCV is the diurnal winds, which are also a source of both phase and amplitude variability
of Sq(H) amplitude on APQDs (Butcher, 1989). From further investigations by Butcher et al.
(1993), it is found that APQDs in the D-season of the Northern Hemisphere are due to additional
fields that result from SCV having foci in a latitude range of 15° — 20°N.

5.1.10 Solstitial and Equinoctial Asymmetry in Localized APQDs

Localized APQDs are mostly found in the solstices of both solar minimum and maximum
phases, as depicted in Figures 4.12 - 4.17. Equinoctial and solstitial asymmetry in the Sq
current system due to conductivity, tides, and neutral winds has been revisited in recent studies
(Chen et al., 2024; Liu et al., 2025). This asymmetry influences ionospheric dynamics and
geomagnetic phenomena. Chen et al. (2024) focused on solar activity’s interaction with iono-
spheric asymmetries, examining the equivalent ionospheric current system from Sq variations
at 124 stations. The study identified migrating tidal components influenced by solar radiation
and neutral winds. Liu et al. (2025) investigated north-south asymmetry in Sq variations at
geomagnetically conjugate regions using data from five station pairs in which ASYM-X shows
higher intensity from May to October with latitudinal variability, while ASYM-Y shows sea-
sonal patterns. Migrating tides significantly influence asymmetric activity, with stronger ASYM
during June solstice (Liu et al., 2025) hence, APQDs were observed to occur in the solstices of
both solar minimum (2009) and maximum (2014) phases. Moreover, the asymmetry of neutral
winds between hemispheres causes the observed Sq variation asymmetry, particularly affecting
migrating tides’ zonal component (Liu et al., 2025). On the other hand, a central role for the
variations in non-migrating tidal winds, especially the diurnal eastward wavenumber-3 (DE3)
mode, in driving both longitudinal and seasonal variations in dynamo-generated electric fields
and currents (Liihr et al., 2008; Pedatella et al., 2011). The strong seasonal variation has been

linked to the DE3 tidal wave mode with the strongest response at equinoxes and June solstice
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and negligible effect at the December solstice, especially in solar maximum phase (Liihr et al.,
2008).

5.1.11 Sq Foci Migration and Connection with IHFACs

The local APQDs in the June solstice of both 2009 and 2014 depict APQDs near the Sq foci
latitudes (Figures 4.14 and 4.13). Magnetograms, which record geomagnetic field variations,
show peaks and dips that correspond to the Sq current system’s behavior. The latitudinal
migration of the Sq focus or changes in current intensity can cause these variations, as observed
in the distribution of geomagnetic daily variations along station chains (Wang et al., 2011).
The primary mechanism for seasonal shifts in Sq foci latitudes is related to the differences
in solar heating during various times of the year. As the Earth orbits the Sun, the angle and
intensity of solar radiation change, affecting the ionospheric conditions. The ideal Sq schema
involves understanding the geomagnetic Sq field’s day-to-day variability, which is influenced
by the latitudinal shift of the Sq current system focus latitude. This shift results in positive
or negative correlations in the daily range of geomagnetic variations, depending on whether
stations are on the same or opposite sides of the Sq foci latitudes (Chen et al., 2007). According
to Kane (1974), the strength of the Sq current system is related to its focus latitudes, with
larger strengths associated with an equatorward shift of the Sq focus latitude. This is also
linked to the strength of the equatorial electrojet, which influences the geomagnetic field’s
intensity (Kane, 1974). While the ideal Sq schema provides a framework for understanding
geomagnetic variations, it is essential to consider other factors that influence these variations.
For instance, the non-dipole field and seasonal variations can affect the geomagnetic Sq field,
as well as the longitudinal effects and universal time variations, which are attributed to the tilt
of the geomagnetic axis and regional anomalies (Tian et al., 2022). This leads to a larger shift
of the Southern Hemisphere’s foci latitudes northwards during the northern June solstice and
southwards during the southern December solstice (Koch & Kuvshinov, 2015). This can be
observed in Figure 4.10 (a) except for the Asia-Australian sector. The Sq current vortex tends to
appear in earlier hours before local noon in local summer months (May-August, NH) compared
to local winter months (November-February, SH) (Abbas et al., 2019). This is clearly depicted
for the Northern Hemisphere in Figures 4.12 - 4.17. The variations in ionospheric conductivities
due to changes in the geomagnetic field strength can result in different behaviors of the Sq current
system. For instance, during periods of weak geomagnetic field strength, the ionospheric
currents may exhibit more pronounced shifts and scattering, particularly over regions like
the SAA, where the field strength is notably lower (Koch & Kuvshinov, 2015). IHFACs
are crucial in connecting the Sq current systems of the Northern and Southern Hemispheres,
influencing the geomagnetic field and the position of the current vortex (Owolabi et al., 2018),

particularly over the Asia-Australia sector as depicted in Figure 4.14. IHFACs are the FACs that
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connect the Sq current systems of opposite hemispheres and serve as a focus-to-focus electrical
link of the Sq current system within the magnetosphere-ionosphere circuit. They arise from
divergences of horizontal currents (driven by electric fields and conductivity gradients) and
from magnetospheric sources mapped along magnetic field lines; the ionosphere acts as a load
in the current circuit (Yu et al., 2022; Owolabi et al., 2018). Jadhav et al. (2024) and Owolabi
et al. (2018) suggested that middle-atmosphere waves and asymmetric wind-dynamo action
can modulate low-latitude IHFACs in lower altitudes, imprinting multi-day oscillations (e.g.,
16-day) on the inter-hemispheric current pattern via tidal/wind dynamo changes. Hence, it can
be presumed that non-migrating thermospheric tides contribute to the deformation and shifting
of the Sq current vortex, particularly over regions like East Asia (Zhang et al., 2024), which may

explain the migration of the Sq focus latitude in the Southern Hemisphere to the polar latitude.

5.1.12 SSW Events and IHFAC Modulation

Figure 4.12 (c) shows the dispersion of the IHFACs due to a sudden stratospheric warm-
ing (SSW) event that occurred on 23 January 2009, affecting the THFACs’ flow from the
Southern Hemisphere to the Northern Hemisphere. SSWs are large, rapid disturbances of the
high-latitude winter stratosphere characterized by marked stratospheric temperature rises and
reversals or strong weakening of the polar-night westerly jet. SSWs are accompanied by altered
propagation of planetary and gravity waves and by large changes in tidal amplitudes that can
propagate upward into the mesosphere—thermosphere (Zhang et al., 2023). Dynamic SSWs
result from amplified planetary-wave forcing of the stratospheric flow, producing zonal-mean
wind and temperature anomalies and strong changes in gravity-wave and tidal momentum depo-
sition in the upper atmosphere (de Wit et al., 2014). Observations and modeling of ionospheric
signatures show SSWs modify thermosphere/ionosphere parameters (e.g., TEC, composition,
plasma drifts) and can drive inter-hemispheric signals through altered tidal/wave activity and
wind-dynamo effects (Zhang et al., 2023; Yamazaki et al., 2012). SSWs are suggested to influ-
ence the coupling of the magnetosphere and ionosphere primarily by altering the neutral-wind
dynamo, tidal composition, and ionospheric conductivity; these changes in turn perturb FACs,
including IHFACs and the Sq system. It is also suggested that the altered tidal content (e.g.,
semidiurnal and planetary waves) modifies the timing (phase) and amplitude of quiet-day iono-
spheric currents, producing abnormal phase shifts and excursions in IHFACs. Enhanced or
asymmetric planetary/tidal waves during SSWs change E-region dynamo winds and thus the
wind-driven electric fields that control Sq and IHFACs, producing multi-day oscillations in
IHFAC amplitude and timing (Jadhav et al., 2024; Yamazaki et al., 2012). Observed Sq phase
changes at longitude sectors in connection with the magnitudes of the Sq vortex system have
been shown to change during SSWs (decrease in one hemisphere, increase in the other) with

a reduction of longitudinal separation between Sq vortices, and this trend is consistent with
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phase-shift anomalies on geomagnetically quiet days (Yamazaki et al., 2012). There is a clear
indication of amplitude reduction and phase-shifts at mid-latitude observatories of ESK, DOU,
HER, and CZT as well as the equatorial observatory of MBO from the magnetograms in Figure
4.12 (b). Regional IHFACs excursions ground and satellite records show anomalous IHFACs
excursions (retardation or unexpected local-time maxima) in some months, coincident with
atmospheric forcing patterns consistent with SSW-related tidal changes (Owolabi et al., 2018).
SSW can amplify lunar tides and atmospheric planetary waves, further influencing IHFAC
formation (Liihr et al., 2019, 2015). In summary, the IHFACs were modulated by SSWs on
23 January 2009, thereby affecting the Sq foci latitudes and most likely causing the APQDs

observed.

5.2 Conclusion

The intricate relationship between solar activity and geomagnetic field parameters highlights
the importance of understanding the dynamics of the ionosphere and its associated currents. The
E-region dynamo plays a crucial role in generating electric currents that significantly influence
geomagnetic variations, particularly the quiet-time Sq currents. The improved methodology of
sifting the QDs using the SYM-H index and the calculation of Sq variations was crucial for
the identification of NQDs and APQDs. The Sq variations exhibit both normal and abnormal
variations, which have been analyzed regarding their behaviors and trends under changing solar
conditions. The cyclical nature of solar activity, characterized by the solar cycle, is essential
in modulating these effects, with sunspot activity directly linked to variations in geomagnetic

parameters. The main results are highlighted below:

1. A high APQDs occurrence rate, globally as well as regionally, was observed in the D
seasons of all phases and hemispheres of the solar cycle. However, a general trend of high
occurrence rate of regional and global APQDs was observed in the Northern Hemisphere’s
low-latitudes (43.4% & 36.7%) and in the Southern Hemisphere’s mid-latitudes (31% and
31.4%), respectively. The highest occurrence of APQDs was observed in the NH during
the solar minimum phase (37%) and in the SH during the solar maximum phase (35%).
Conversely, the lowest occurrence was noted in the NH during the solar ascending phase
(27%) and in the SH during the solar minimum phase (31.2%).

2. APQDs occurrence is higher in Northern Hemisphere low latitude stations and Southern
Hemisphere mid-latitudes. The low-latitude observatory KNY in the Asia-Australian
sector and the mid-latitude observatory CZT in the Africa-European sector showed higher
APQDs occurrences throughout solar cycle 24. Asymmetry for conjugate magnetic
observatory pairs was observed when KNY (60.2%) as compared to CTA (30%) in the

99



CHAPTER 5. DISCUSSIONS AND CONCLUSION

Asia-Australia sector and SJG (42.44%) as compared to VSS (7.4%) in the America
sector experienced consistently higher APQDs occurrence rates for the low-latitudes of
the Northern Hemisphere for all phases of the solar cycle. Similar occurrence rates
were observed compared to the conjugate observatories in the Southern Hemisphere for
mid-latitude observatories, CZT (58.5%) HER (40.5%) in the Africa-Europe sector, and
AMS (44.4%), PAF (51.05%) in the Asia-Australia sector. The behaviour was more or

less similar in all phases of the solar cycle.

3. Generally, NQDs occurred during 08:30-13:30 SLT and 10:30-13:30 SLT for low- and
mid-latitude observatory pairs in Northern and Southern Hemispheres. Higher APQDs
occurrence occurred in morning hours (06:30-09:30 SLT) at low-latitudes, especially in
the D season, and afternoon hours (15:30-16:30 SLT) for mid-latitudes across seasons.
Afternoon APQD occurrences for CZT were observed at 14:30 SLT with the highest in
the D season (16%). The highest morning APQDs occurrences for KNY were observed
at 08:30 SLT in the D season (9%) as well.

4. Sq foci variability on QDs and polar transits were observed for the D- and J seasons
for the Northern Hemisphere of America and Africa-Europe sectors in 2009. Moreover,
the Southern Hemisphere transits of the Sq foci latitudes were observed in the D- and
J seasons. The Sq focus was calculated at a polar latitude of 71°S on June 17, 2009 in
the Asia-Australia sector. Similar polar transits of the Sq foci latitudes were observed for
the J season in 2014 at the America and Asia-Australia sectors and all the seasons at the

Africa-Europe sector.

5. The SSW event of 23 January 2009 seemed to influence the IHFACs and shift the Sq foci
latitudes to 55°N and 54°S. Moreover, localized APQDs were caused at the mid-latitude
observatories of ESK, DOU, HER, and CZT in both hemispheres and at the equatorial
observatory of MBO.

5.3 Future Work

This study was limited to the analysis of ground magnetic observatory data in the extraction
of APQDs. Future work needs to incorporate the data from satellite instrumentation with the
atmospheric or ionosphere-thermosphere coupled models. Detailed analysis of IHFACs from
satellite data and E-region data from ionosondes or radars can provide insight into the dynamics
of the localized APQDs to ascertain the impact of IHFACs on their causal mechanisms. By
comparing Sq foci latitudes calculations in other phases, asserting substorms occurrences and
orientation of IMF B,, checking connections with sporadic-E or E-layer anomalies, calcula-

tion of Sq foci conductivity, horizontal winds, assessing connection with seismic activity and
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magnetotellurics on QDs, storm recovery influence on QDs, the causal mechanisms behind the
APQDs can be assessed in detail.
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Appendix A

List of Observatories

The lists of observatory data using H, X, and Y components considered for this study are

presented for three longitude sectors.

Table A.1: List of observatories in American sector

Observatory ITAGA Geog Geog Geom Geom

5. No. Location Code Lat(°) Long(°) Lat(°) Long(°)
1 Victoria VIC 48.5 -123.42  53.54 -63.02
2 Fredericksberg  FRD 38.21 -71.37 48.42 -1.25
3 Fresno FRN  37.09 -119.72  42.77 -55.78
4 Bay St.Louis BSL  30.35 -89.64 40.82 -18.52
5 Honolulu HON  21.32 -158 20.91 -89.62
6 San Juan SJIG 18.11 -66.15 26.98 10.88
7 Kourou KOU 5.21 -52.73 9.08 22.14
8 Huancayo HUA  -12.05 -75.33 0.10 -3
9 Apia APT  -13.81 -171.78 -1577  -96.98
10 Pamataai PPT -17.567 -149.57 -16.5 -74.18
11 Vassouras VSS -22.4 -43.65 -19.07 22.38
12 Port Stanley PST -51.7 -57.89  -38.73 10.75
13 Toraday AIA  -6524 64258 5064 93

Islands
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Table A.2: List of observatories in African-European sector

S. No. Observatory TIAGA Geog Geog Geom Geom
Location Code Lat(°) Long(°) Lat(°) Long(°)
1 Eskdalemuir ESK  55.31 -3.206 52.37 76.87
2 Kiev K1V 50.7 30.3 46.3 104.45
3 Dourbes DOU  50.1 4.6 45.8 81.79
4 Ebro EBR  40.957 0.3 34.9 76.49
5 Guimar GUI  28.32 -16.44 20.41 -60.29
6 Tamanrasset TAM  22.79 5.53 13.01 -80.00
7 Mbour MBO 14.38 16.96 3.89 57.63
g~ Ascension ASC 795  -1438  -19.05  -5548
Island
9 Tsumeb TSU  -19.2 17.58 -30.72 88.28
10 Keetmanshoop KMH -26.54 18.11 -36.7 86.26
11 Hartebeesthoek HBK  -25.88  27.7E -36.1 96.3
12 Hermanus HER  -344 19.23 -42.48 83.86
13 Port Alfred CZT 464 51.86 -53.12 107.3

Table A.3: List of observatories in Asian-Australian sector

S. No. Observatory TIAGA Geog Geog Geom Geom
Location Code Lat(°) Long(°) Lat(°) Long(°)
1 Novorsibirsk NVS 54385 83.23 50.62 156.52
2 Irkutsk IRT 52.27 10445  47.56 177.95
3 Alma Ata AAA 4325 76.92 38.61 149.82
4 Memambetsu MMB 43091 144.19 3691  -143.96
5 Kanoya KNY 31.42 130.88  24.58  -156.57
6 Jaipur JAI 26.92 75.80 21.10 148.59
7 Sonmiani SON  25.19 66.75 19.56 139.23
8 Phuthuy PHU 21.03 105.95 14.39 178.32
9 Alibag ABG 18.63 72.87 12.20 145.61
10 Guam GUA  13.59 144.87 6.08 -143.54
11 Gan GAN 0.649  73.153 -7.31 145.70
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Observatory IAGA Geog Geog Geom Geom

S. No.
Location Code Lat(°) Long(°) Lat(°) Long(°)
Cocos

12 CKI -12.19 96.83 -21.83 168.95
(Keeling Island)

13 Kakadu KDU -12.69 132.47 -21.69  -154.74
Chart

14 arters CTA -2009 14626 -2898 -139.17
Towers

15 Alice Springs ASP  -23776 13388  -33.75 -152.37

16  Canberra CNB 3532 14936 -45.11 -132.80
Martin de

17 AMS 3780  77.57  -48.86  139.78
Vivies

18  Eyrewell EYR 4347 17240 -50.00 -103.25
Port-aux-

jg o PAF 4935 7025 -58.76  135.14
Francais

The data was available for the observatories of GAN and CKI was available from 2011 and 2013 till
2019, respectively. The data for TSU and SON was missing in 2008 and 2014, respectively. The data
for MBO, PHU and CZT was missing for the year 2019.
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