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Abstract

This study investigates the effects of geomagnetic storm onset time on the performance of
Global Navigation Satellite System (GNSS). Unlike previous studies focusing primarily
on storm intensity, this work establishes storm onset time as a key predictive parame-
ter for ionospheric scintillation occurrence. The analysis uses geomagnetic storm data
and Global Positioning System (GPS) scintillation data from two low-latitude stations,
Makerere and Mbarara, spanning 2011 to 2016. A total of 1,082 geomagnetic storms
were identified and classified by their intensity into weak (—50 nT < Dst < —25 nT),
moderate (—100 < Dst < —50 nT), and severe (Dst < —100 nT) categories. Only
a minority of storms triggered ionospheric scintillation, indicating that storm intensity
alone is insufficient to predict scintillation events. Scintillation was identified using the
amplitude index (S4), with thresholds set between 0.2 and 1.2. Using the epoch of
minimum IMF Bz (bow shock time) as the precise storm onset marker, results show
that scintillation predominantly occurred during night hours. Strong scintillation was
observed consistently when the bow shock time fell between 15:00 UT and 00:00 UT
(evening to nighttime in East Africa’s low-latitude region), with weaker events between
12:00 UT and 15:00 UT. No scintillation was detected when storm onset occurred from
00:00 UT to 12:00 UT, even during severe storms. These findings highlight the critical role
of storm commencement timing in ionospheric irregularity development and subsequent
GNSS signal degradation, which is crucial for mitigating risks in aviation, communication,

and navigation systems in low-latitude regions.

x1



Chapter 1

Introduction

1.1 Background

Geomagnetic storms are natural disturbances driven by solar activity and represent one
of the most significant phenomena affecting satellite navigation systems. These storms
result from complex interactions between the solar wind streams of charged particles
from the Sun and Earth’s magnetosphere, which acts as a protective shield. The solar
wind can disturb Earth’s magnetic field, causing geomagnetic storms characterized by
increased auroral activity, disruptions in radio communications, and satellite operation
disturbances (Kintner and Ledvina, 2005). As societies increasingly rely on the Global
Positioning System (GPS) for navigation, mapping, and time synchronization across
various sectors, understanding the effects of geomagnetic storms is critical to maintaining

satellite navigation reliability and accuracy.

The ionosphere, a region of the upper atmosphere rich in charged particles, plays a
crucial role in satellite navigation by reflecting and refracting radio signals. Geomagnetic
storms induce rapid changes in the ionosphere, increasing electron density and generating
irregularities that distort GPS signals. These disturbances cause signal delays that
degrade navigation accuracy and can lead to outages. Studies show that the Total
Electron Content (TEC) of the ionosphere can rise significantly during geomagnetic
storms, directly correlating with GPS signal degradation (Kintner and Ledvina, 2005).
Low-latitude regions, such as Uganda and East Africa, experience frequent and intense
ionospheric scintillations primarily due to complex plasma processes unique to these areas.
A key driver of this is the Rayleigh-Taylor Instability (RTI), a plasma instability that
occurs after sunset in the equatorial ionosphere. RTT causes the formation of large-scale
plasma depletions known as plasma bubbles. These bubbles rise through the ionosphere,
creating strong electron density irregularities that scatter and distort trans-ionospheric
radio signals (Akala et al., 2015). These conditions amplify the impact of geomagnetic

storms on satellite signals, creating a pressing need for region-specific research.

A critical yet underexplored factor influencing scintillation occurrence and navigation
reliability is the timing of geomagnetic storm onset. While most studies emphasize storm
intensity, few address how the storm commencement time affects ionospheric irregularities
and GNSS performance. This research gap motivates the present study, which investigates
the role of storm commencement timing in ionospheric scintillation at low latitudes. The

Figure 1.1 presents a comprehensive overview of space weather related events and their



impacts on Earth, highlighting the broad consequences across different domains:
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Figure 1.1: A systematic overview of the space weather related events Adapted from
Dumbovié (2015)

As illustrated in Figure 1.1, aviation, marine navigation, military operations, and
economic activities rely heavily on GPS. Disruptions caused by geomagnetic storms can
result in navigation errors, threatening flight safety, safe passage through congested water-
ways, strategic military operations, and logistics efficiency (Huang et al., 2016a). Despite
advances such as real-time space weather monitoring and forecasting by organizations
like NOAA and USGS, current mitigation strategies remain insufficient. There is a
growing need to develop robust navigation algorithms that compensate for ionospheric
disturbances and explore machine learning approaches that adapt in real time to improve
navigation reliability during geomagnetic storms. Therefore, this study aims to deepen
understanding of geomagnetic storm onset effects on satellite navigation and contribute

to effective mitigation solutions tailored for vulnerable low-latitude regions.

1.2 Problem statement

The increasing reliance on Global Navigation Satellite System (GNSS) for critical applica-
tions has made understanding ionospheric disturbances caused by geomagnetic storms a
pressing research priority. Many previous studies have linked scintillation events mainly to
the strength of geomagnetic storms using indices such as K-planetary (Kp) and Disturbed
Storm Time (Dst). However, these intensity-based indices have often overlooked the
critical factor of storm onset time. This limitation reduces the ability of existing predictive
models to explain variations in scintillation patterns, particularly in the low-latitude
region of East Africa. This gap is especially problematic as the region experiences strong

equatorial ionization anomalies and frequent post-sunset scintillations.



1.3 Aim

To analyse the impact of geomagnetic storm onset time on GNSS reliability.

1.4 Specific objectives

The specific objectives of this research included:
1. Characterisation of geomagnetic storms during the 24th solar cycle.
2. Identification of ionospheric scintillations during the period of study.

3. Determine the correlation between time of commencement of geomagnetic storms

and signal scintillation events.

1.5 Scope

This study analyzes geomagnetic storm data, including Dst, Kp, and interplanetary
magnetic field (IMF) Bz indices, alongside GPS scintillation data recorded between 2011
and 2016. The scintillation measurements were obtained from GPS SCINDA receivers
located in two low-latitude stations in Uganda at Mbarara (MBA) and Makerere (MAK).
While focused on these Uganda sites, the findings are intended to be representative of
broader low-latitude and equatorial regions in East Africa, where similar ionospheric
phenomena occur. The study uses the epoch of minimum IMF Bz (bow shock time)
to precisely define geomagnetic storm onset, allowing detailed examination of how onset
timing correlates with scintillation occurrences. However, it does not model all storm
drivers such as coronal mass ejections (CMEs) or corotating interaction regions (CIRs),
nor does it consider other sources of GNSS errors like multipath effects or tropospheric
delays. Although correlations between storm onset timing and scintillation activity are
identified, this research does not develop operational forecasting models for real-time
GNSS prediction. The scope is limited to improving the physical understanding of
storm timing effects on ionospheric irregularities in low-latitude East Africa, providing

foundational knowledge to support future development of mitigation strategies.

1.6 Significance

Unlike existing studies that focus primarily on geomagnetic storm intensity, this research
demonstrates that storm commencement time specifically the bow shock time critically
influences GNSS scintillation disruptions in the equatorial and low-latitude regions of
East Africa. By incorporating storm onset timing as a key parameter alongside tradi-
tional intensity indices, this study fills a significant gap in space weather literature and
improves the understanding of temporal factors affecting ionospheric irregularities in this

understudied region. The unique findings highlight the diurnal dependence of scintillation



activity on storm onset, providing new insights tailored to the equatorial ionization
anomaly environment prevalent in East Africa. This knowledge advances theoretical
models of ionospheric plasma dynamics and offers practical implications for improving
GNSS reliability. Sectors such as aviation, maritime navigation, telecommunications,
and emergency response in East Africa stand to benefit directly from these results.
Policymakers, GNSS service providers, airline operators, and space weather researchers
can use this information to enhance forecasting accuracy and implement more effective
mitigation strategies. In the long term, these findings can feed into the development
of more resilient GNSS systems and regional space weather monitoring frameworks,
strengthening infrastructure critical to national security, economic development, and

public safety in low-latitude countries.



Chapter 2

Literature Review

2.1 The sun and its activities

According to Kivelson and Russell (1995), the Sun is a massive, magnetized gaseous
body at the center of our solar system. It has an effective temperature of 5,785 K and a
diameter of approximately 1,392,000 km which is 109 times that of Earth (Bahcall et al.,
2001). Tts mass, about 1.99 x 10%° kg, constitutes nearly 99.86% of the solar system’s
total (Chernosky and Hagan, 1958). The Sun’s composition primarily involves Hydrogen
(92.1%) and Helium (7.8%), alongside traces of heavier elements (Bahcall et al., 2001).
Structurally, it is divided into interior and exterior regions, each comprising distinct

physical layers as shown in Figure 2.1.

Internal structure:
core -
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convection zone
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Figure 2.1: The structure of the Sun (interior and exterior regions). Adapted from Singh
(2019)

Solar energy originates deep in the core from thermonuclear fusion reactions, where
extreme pressure and temperature prevail (Bahcall et al., 2001). Energy transport occurs
radiatively through the radiation zone, transitioning to convective processes in outer
layers (Bray and Loughhead, 1964). The photosphere is the the visible solar surface,
it has a temperature of about 5,785 K and a thickness nearly 500 km (Kivelson and
Russell, 1995). Notably, sunspots the regions of intense magnetic fields and reduced
temperature form on the photosphere, and their magnetic activity is a source of particle
acceleration linked to solar events (Chernosky and Hagan, 1958). Above the photosphere,

the chromosphere and the extremely hot solar corona extend outward, with the corona



exhibiting temperatures of several million Kelvin and hosting solar prominences related
to sunspot activity (Bahcall et al., 2001; Aschwanden, 2005; Bray and Loughhead, 1964).

2.1.1 Sunspot and Solar Cycle

Sunspots, characterized by stronger magnetic fields suppressing convection, appear darker
and last on average about 10 days, with sizes ranging substantially (Prolss and Prolss,
2004; Bray and Loughhead, 1964). Their formation predominantly occurs within +30°
solar latitude (Tandberg-Hanssen, 1995), covering less than 1% of the solar surface at
any time. The sunspot population varies cyclically over approximately 11 years, defining
periods of solar maximum and minimum (Aschwanden, 2005). These cycles correlate with
heightened solar activity, influencing space weather phenomena relevant to geomagnetic

disturbances.

2.1.2 Solar Flare

Solar flares are short-lived bursts of electromagnetic radiation caused by magnetic en-
ergy release near sunspots, accelerating particles and affecting Earth’s ionosphere by
enhancing the D-layer and disrupting radio communications (Bray and Loughhead, 1964;
Carrington, 1863; Thomas and Teske, 1971). Their rapid arrival at Earth, traveling at
light speed, distinguishes them from other solar phenomena (Carrington, 1863).

2.1.3 Coronal Mass Ejection

Coronal Mass Ejections (CMEs) are large-scale expulsions of magnetized plasma propelled
from the Sun’s surface by magnetic field fluctuations (Harrison et al., 1990; Hundhausen,
1999). Traveling at speeds up to 1000 km/s and carrying substantial mass, CMEs
generate shocks that accelerate solar energetic particles and trigger geomagnetic storms
upon interacting with Earth’s magnetosphere, particularly when the IMF Bz component
is southward (Gopalswamy, 2017; Hundhausen, 1999). Halo CMEs, directed toward
Earth, are especially geoeffective and represent major drivers of space weather impacts
on satellite and GNSS systems (Gopalswamy et al., 2009; Center, 2023).

2.1.4 Corotating Interaction Regions

CIRs form where fast solar wind streams from coronal holes interact with slower ambient
flows, producing compression regions that can induce moderate geomagnetic disturbances
(Tsurutani et al., 2003; Balogh et al., 1992). Coronal holes, often located near solar
poles, are sources of these high-speed streams (700-800 km/s) and significantly influence
geomagnetic activity, especially during solar minimum phases (Bray and Loughhead,

1964; Cranmer, 2009).



2.2 Solar wind and Interplanetary Magnetic Field
According to Parker (1965); Kelly et al. (2012), the Sun continuously emits highly

conducting plasma from the corona, driven by gravity and temperature gradients (Owens
and Forsyth, 2013). This plasma, composed primarily of protons, electrons, and about
5% helium ions, escapes the Sun’s gravity due to the corona’s high temperature and
flows outward as the solar wind (Owens and Forsyth, 2013), reaching speeds commonly
between 300 and 1500 km/s, averaging about 500 km/s. Typical solar wind properties
include electron densities near 5 particles/cm3, proton densities around 6.6 particles/cm?,
electron temperatures of approximately 1.2 x 10°K, and magnetic fields averaging 10 nT
(Treumann and Baumjohann, 1997). The solar wind carries the Sun’s magnetic field into
interplanetary space, known as the interplanetary magnetic field (IMF) (Parker, 1958).
Due to solar rotation, the IMF adopts a spiral shape stemming from regions with open
magnetic field lines (Parker, 1965; Kelly et al., 2012). The IMF’s orientation critically
influences Earth’s magnetosphere configuration and geomagnetic activity (Owens and
Forsyth, 2013; Wang et al., 2007). It is decomposed into orthogonal components Bx,
By, and Bz The Bz component representing the north-south direction is particularly
significant (Parker, 1958). A sustained southward IMF Bz (negative values) is identified
as the most geoeffective condition for triggering geomagnetic storms due to enhanced
magnetic reconnection at the dayside magnetopause (Parker, 1965; Kelly et al., 2012;
Wang et al., 2007). While thresholds such as a sustained IMF Bz below -10 nT for
several hours have been proposed to predict storm onset, uncertainties remain regarding
the variability of storm responses and regional differences (Pulkkinen et al., 2010). At
equatorial latitudes like East Africa, prolonged southward IMF Bz intensifies prompt
penetration electric fields into the ionosphere, exacerbating ionospheric irregularities and

scintillation activity critical to GNSS performance (Kintner et al., 2007b).

2.3 The Earth’s Atmosphere

The Earth’s atmosphere extends from sea level up to about 1000 km altitude and consists
of a mixture of gases and particles, with 99% of its mass below 30 km (Parker, 1958;
Memarzadeh, 2009). It is structured into concentric layers primarily defined by altitude,
temperature gradients, and particle composition (Owens and Forsyth, 2013; Gradwell,
2006). A key transition called a “pause” marks where one layer’s characteristics shift
to the next. The atmosphere’s four principal layers are the troposphere, stratosphere,
mesosphere, and thermosphere (Memarzadeh, 2009). Often excluded from this standard
stratification is the exosphere, extending roughly from 500 to 1000 km, where atmospheric
pressure is extremely low and collisions between particles rare (Borduas and Donahue,
2018; Schunk and Nagy, 2009). Composed mainly of hydrogen and helium, the exosphere

is where incoming solar radiation first interacts with Earth’s atmosphere (LaStovicka



et al., 2006; He et al., 2003).The thermosphere, often synonymous with the ionosphere,
spans approximately 90 to 500 km and features ions created by photoionization (Schunk
and Nagy, 2009). This layer’s temperature increases with altitude, influencing the propa-
gation of radio signals critical for satellite-based navigation (Memarzadeh, 2009). Beneath
it, the mesosphere (50-90 km) cools with altitude and is less stratified than other layers
(Schunk and Nagy, 2009; Lastovicka et al., 2006). The stratopause at around 50 km
separates the mesosphere and stratosphere, dividing the upper and lower atmosphere
(Kelley, 2009a). The stratosphere exhibits a distinctive temperature inversion due to
ozone photolysis between 25 and 35 km, where the ozone layer absorbs harmful ultraviolet
radiation, playing a vital role in sustaining life on Earth (He et al., 2003; Memarzadeh,
2009). The troposphere, containing most atmospheric water vapor and mass, extends
from the surface up to around 18 km near the equator, forming a turbulent layer where
weather occurs (Schunk and Nagy, 2009; Lastovicka et al., 2006). For ionospheric re-
search and GNSS applications, the thermosphere/ionosphere is critical. Variability in
its electron density, especially in low-latitude regions like East Africa affected by the
equatorial ionization anomaly (EIA), causes signal delays, refraction, and scintillation in
satellite navigation systems (Kelley, 2009a). Understanding the layered structure of the
atmosphere and the ionosphere’s characteristics is therefore fundamental to analyzing

and mitigating GNSS disruptions in this region.

2.4 The Ionospshere

The ionosphere is a part of the upper atmosphere that stretches roughly from 60 to
1000 km above the Earth (Goodman, 2005). It doesn’t have definate boundaries but
it generally lies within this altitude range. This region becomes ionized when high
energy solar radiation, especially extreme ultraviolet (EUV) and X-rays, hits the neutral
atoms in the upper atmosphere knocking electrons free and creating ions (Burch et al.,
2014). The number of free electrons and ions in the ionosphere is always changing
because ions can disappear through chemical reactions or recombine with electrons to form
neutral particles. These processes depend on the types of ions present and the current
atmospheric conditions (Goodman, 2005).Electron loss mainly occurs via recombination,
which takes two forms: radiative recombination (slower) where electrons combine with
atomic ions, and dissociative recombination (faster) where molecular ions are involved
(Memarzadeh, 2009). Additionally, electron attachment forms negative ions predom-
inantly at lower altitudes with higher neutral densities, though these negative ions are
short-lived (Burch et al., 2014). The balance of ion production and loss causes ionospheric
electron density to vary over timescales ranging from minutes to years (Biondi, 1969). The
ionosphere is subdivided into three principal regions the D, E, and F based on altitude,
electron density, and particle composition (Anderson, 1999). The D-region (50-90 km)

has electron densities around 10*/em? during daytime but largely disappears at night



(Thomson and Clilverd, 2005). It is ionochemically complex due to multiple ionization
sources and plays a crucial role in radio wave absorption across MF, HF, and VHF
bands (Kintner and Ledvina, 2005). The E-region (90-130 km) reaches daytime electron
densities of approximately 10°/cm?, decreasing to about 5 x 10® at night (Schunk and
Nagy, 2009). Ionization here is driven mainly by soft X-rays (8-10.4 nm) and ultraviolet
radiation (80-102.6 nm), producing dominant ion species such as NOT and Oy, along
with secondary ions (Ratcliffe, 1972; Burch et al., 2014). Above approximately 130 km
lies the F-region, extending beyond 600 km, primarily composed of atomic oxygen ions.
Unlike the D and E layers, the F region persists at night due to lower recombination
rates (Burch et al., 2014). During daytime, it often splits into F1 and F2 regions, with
occasional observation of an F3 layer above F2 (Bittencourt and Abdu, 1981). The F-
region electron density variability is particularly significant for GNSS signal propagation,
as it hosts complex plasma structures responsible for scintillation and total electron
content (TEC) fluctuations, especially pronounced in equatorial regions such as East
Africa, which exhibit intense ionospheric irregularities linked to the equatorial ionization

anomaly.

2.5 The geomagnetic field

The Earth’s geomagnetic field is generated by the dynamo effect which arises from the
movement of molten iron and nickel in the outer core. This field extends from deep
within the inner core out into space forming the magnetosphere that shields our planet
by deflecting charged particles from the solar wind and cosmic radiation (Eastwood
et al., 2015; Gubbins, 2008; Olson and Christensen, 2006). Fluid motions within the
outer core cause the magnetic poles to slowly shift and sometimes even reverse over
geological time (Glatzmaier and Roberts, 1995). At any given location, the geomagnetic
field is described by parameters such as magnetic declination (D), horizontal intensity
(H) and vertical intensity (Z) which are essential for understanding how the field changes
across space and time (Burch, 1974). The magnetic equator where a compass needle
shows no dip runs roughly parallel to the Earth’s geographic equator but slowly shifts,
showing just how dynamic the field really is (Adams, 2007). Beyond this classical
understanding, processes in the magnetosphere strongly influence ionospheric dynamics
near the equator, affecting the reliability of GNSS signals. When the interplanetary
magnetic field (IMF) Bz points southward, it triggers magnetic reconnection at the
dayside magnetopause, which strengthens convection electric fields that penetrate to
the equatorial ionosphere. These prompt penetration electric fields (PPEFs) amplify
plasma instabilities, causing equatorial plasma bubbles and irregularities responsible for
scintillation (Kelley, 2009a). This coupling is particularly significant in East Africa’s low-
latitude region, where the equatorial ionization anomaly (EIA) and strong pre-reversal
enhancement (PRE) intensify these effects (Eastwood et al., 2015). Understanding how

9



disturbances in the magnetosphere drive ionospheric irregularities is key to predicting
and mitigating GNSS disruptions in this vulnerable region. Overall, this highlights the
crucial role of storm-time magnetosphere ionosphere interactions in East Africa’s unique

near equatorial environment.

2.5.1 Earth’s Magnetosphere

The Earth is surrounded by a magnetic field cavity known as the magnetosphere (Gub-
bins, 2008). This region is dominated by the planet’s magnetic field and arises from the
interaction between the Earth’s magnetic field and the solar wind. The magnetosphere is
not fixed; it constantly changes shape due to these solar wind interactions. On the side
facing the Sun, it is compressed into a bow-shaped boundary called the magnetopause,
while on the night side, it stretches out into a long tail known as the magnetotail
(Eastwood et al., 2015). Acting as a vital shield, the magnetosphere protects Earth by
deflecting or trapping charged particles from the solar wind, preventing most of them from
reaching the surface (Ganushkina et al., 2018). This protection is essential for preserving
Earth’s atmosphere and supporting life by blocking harmful solar radiation. Within the
magnetosphere, complex processes such as magnetic reconnection, particle acceleration,
and wave-particle interactions take place, giving rise to phenomena like auroras and
geomagnetic storms (Axford, 1962). The systematic structure of the magnetosphere is

shown in Figure 2.2
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Figure 2.2: The structure of the Earth’s Magnetosphere. Adapted from Singh (2019)

2.5.2 Solar Wind-Magnetosphere Interaction

Most geomagnetic processes in the magnetosphere and ionosphere depend heavily on the
interaction between solar wind and magnetosphere (Pudovkin and Semenov, 1985). This

interaction transfers energy and momentum from the solar wind into the magnetosphere.
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However, not all solar wind particles enter the magnetosphere because the Earth’s ge-
omagnetic field deflects many charged particles (Russell, 2000), shielding Earth from
harmful high energy solar particles. Still, some solar wind energy does penetrate, and
the amount depends on factors like the direction of the interplanetary magnetic field
(IMF) and solar wind density and velocity (Dungey, 1961). The main processes that
transfer solar wind energy into the magnetosphere are magnetic reconnection and viscous
interaction (Russell, 2000).

Magnetic reconnection

According to Yamada et al. (2010), magnetic reconnection entirely depends on the orien-
tation of the magnetic fields during the interaction of the solar wind with the magneto-
sphere. Specifically, reconnection happens when the interplanetary magnetic field (IMF)
points southward (antiparallel) while the geomagnetic field points northward (Dungey,
1961). If the field lines run parallel, no merging occurs. At the reconnection site, where
opposite magnetic polarities meet, the field lines break and reconnect, releasing stored
magnetic energy. This energy release accelerates particles and triggers high energy phe-
nomena such as solar flares and geomagnetic storms. During reconnection, geomagnetic
pressure redirects the solar wind flow closing the magnetosphere and blocking energy entry
(Yamada et al., 2010). Therefore, energy transfer into the magnetosphere is intermittent

and fluctuates unpredictably, influenced by solar activity and IMF direction.

Bow shock

The solar wind and the interplanetary magnetic field (IMF) undergo sudden changes in
density, temperature, flow speed, and magnetic strength as the fast-moving solar wind
approaches the Earth’s sun-facing region (Fairfield, 1971). This abrupt shift creates a
standing shock wave called the bow shock when the supersonic solar wind meets the
Earth’s magnetosphere, acting as an obstacle (Fairfield, 1971). Situated approximately
15 Earth radii (RE) from the Sun-Earth line, the bow shock slows the solar wind from
supersonic to subsonic speeds, heating and deflecting it (Leroy et al., 1982). The bow
shock marks where the solar wind’s rapid flow sharply changes as it encounters the magne-
tosphere, often triggering space weather events like geomagnetic storms (Fairfield, 1971).
Because it forms just before these disturbances affect Earth, the bow shock’s occurrence
time serves as a reliable reference for the start of a geomagnetic storm (Fairfield, 1971).
According to Yokoyama and Kamide (1997), the bow shock begins gradually and is usually
preceded by a noticeable sudden storm commencement (SSC), signaling the onset of the

storm.
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2.5.3 Ring current

The ring current is a flow of charged particles, mostly ions, circulating westward around
Earth near the equatorial plane at altitudes between 10,000 and 60,000 km (Daglis, 2006;
Treumann and Baumjohann, 1997). This current is made up of energetic particles like
protons and electrons, which drift due to Earth’s magnetic and electric fields, with ions
carrying energies from about 10 keV10 keV up to several hundred keV, heavily influencing
the current density (Williams, 1985). Electrons contribute little to the ring current
because of their low energy. The ring current is closely linked to geomagnetic storms
and significantly affects their strength (Treumann and Baumjohann, 1997). During such
storms, large amounts of energetic particles enter Earth’s inner magnetosphere, boosting
the ring current (Daglis et al., 1999). As the ring current grows stronger, it produces a
magnetic field opposing Earth’s main field, reducing geomagnetic field strength at low
and mid-latitudes (Lovell et al., 2020). This weakening shows up as a drop in the Dst
index, a key measure of storm severity (Kozyra and Liemohn, 2003). In summary, the

intensification of the ring current directly relates to the severity of geomagnetic storms.

2.5.4 Geomagnetic storms

A geomagnetic storm is a significant temporary disturbance in Earth’s magnetosphere
caused by an enhanced transfer of energy from the solar wind into the space environment
around Earth (Gonzalez et al., 1994; Engebretson et al., 2003). This occurs when charged
particles from the Sun interact with Earth’s magnetic field, compressing the dayside
magnetosphere and injecting energy that intensifies currents such as the ring current
and auroral electrojets, leading to a global disruption of the magnetic field (Gonzalez
et al., 1994). Geomagnetic storms can last from several hours to days (Tsurutani et al.,
1992). Their occurrence varies with the solar cycle. The corotating interaction region
(CIR) driven storms are more common during solar minimum, while coronal mass ejection

(CME) driven storms occur more often during solar maximum (Singh, 2019).
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Figure 2.3: Phases of geomagnetic storm (Dst variation, 19**- 22" Dec 2015.)
Adapted from Singh (2019)

A geomagnetic storm has three phases as indicated in Figure 2.3 they include; the
initial, main and recovery phase (Gonzalez et al., 1994). The initial phase is characterised
by a sudden increase in of the magnetic field (sudden storm commencement) brought on
by interplanetary shock wave compressing the magnetosphere which is then followed by
an increase in magnetic field (Engebretson et al., 2003). The initial phase is not always
observed and it lasts for until IMF Bz turns southwards. Once the IMF turns to the
south, the the main phase of the storm begins which results in a significant drop in the
magnetic field’s horizontal component (Fairfield, 1971). The recovery phase is attributed
to the ring current decay until the total magnetic field returns to the original values. The
main phase of storms caused by CMEs is intense and sharp in contrast storms driven by
CIRs (Harrison et al., 1990). However, compared to magnetic storms caused by CMEs,
CIR-induced storms have longer recovery phases (Hundhausen, 1999). During the period
of high solar activity, short-term phenomena like CME driven geomagnetic storms have
got a severe impact on the Earth’s magnetosphere; conversely, during period of low
solar activity, CIR driven storms have got a significant impact. It is believed that these

activities are related to periodic occurrence of solar coronal holes in the Sun (Singh, 2019).

A geomagnetic storm that occured between 19th-22nd December 2015 in the Figure
2.3 illustrates the three phases of storm in relation to Dst index. It should be noted that
during the geomagnetic storm, the ionospheric disturbance intensifies, this phenomenonon
is characterised by irregularities in electron density and TEC with in the ionosphere
(Engebretson et al., 2003). The impacts of geomagnetic storms on TEC are complicated

and can lead to a rapid and notable variations in TEC values. These variations may
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have serious consquencies on systems whose accuracy rely on precise TEC data such as

satellite navigation and communication (Pi et al., 2000).

2.5.5 Indices of geomagnetic activity

The global geomagnetic space weather indices such as disturbance storm time (Dst), plan-
etary K (Kp) and solar wind parameter IMF (Bz) are used to quantify and characterise

the storm events.

The Disturbance Storm Index (Dst)

The Disturbance Storm Time (Dst) index measures geomagnetic activity and is used
to assess the intensity of geomagnetic storms (Sugiura and Iyemori, 2014). It tracks
the average variation in Earth’s horizontal magnetic field, primarily caused by the ring
current flowing around the planet (Sugiura and Iyemori, 2014). Expressed in nanoteslas
(nT), the Dst index becomes more negative as storm strength increases (Gonzalez et al.,
1994). For example, Matamba and Habarulema (2018) classified storms as severe when
Dst < —100 nT, moderate when —100 nT < Dst < —50 nT and weak whenever
—50 nT < Dst < —25nT. The Dst index provides a quantitative measure of geomagnetic
disturbances at low latitudes with a 1-hour resolution (Gonzalez et al., 1994). Negative
Dst values indicate ongoing geomagnetic storms, with larger negative values representing
stronger storms (Piddington, 1964). The decline in the Dst index links mainly to the
intensified ring current flowing westward near the equator (Sugiura and Iyemori, 2014).
During strong storms, extreme drops in Dst lead to prompt penetration of ionospheric

electric fields in mid-latitude and equatorial regions (Tsurutani et al., 2008).

The planetary K index (Kp)

The Kp index is a widely recognized measure of geomagnetic activity that quantifies
disturbances in Earth’s magnetic field. It is based on data from a global network of mid-
latitude geomagnetic observatories (Menvielle and Berthelier, 1991). The index ranges
from 0 to 9, where a value of Kp < 3 indicates quiet conditions, and values above 3 signal
disturbed geomagnetic conditions (Jurua et al., 2024). The Kp index is calculated every
three hours, providing a global overview of geomagnetic activity over time. It reflects the
combined impact of solar phenomena such as solar flares, coronal mass ejections (CMEs),
and high-speed solar wind streams, all of which affect the magnetosphere (Menvielle
and Berthelier, 1991). Due to its broad coverage and frequent updates, the Kp index
is extensively used by space weather forecasters and researchers to monitor geomagnetic
storms and assess potential impacts on satellites, communication networks, power grids

and navigation systems (Singh, 2019).
The IMF Bz index
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The IMF is a vector quantity, it consists of three axis components represented as B =
(Bx, By, B,). The components By and By lie within the ecliptic plane while B, is oriented
perpendicular to it. The By direction points toward the Sun, z is perpendicular to
the ecliptic plane and y = z x x. As noted by Gonzalez et al. (1994), the strength
of geomagnetic storms is strongly linked to sustained southward B, components which
enable effective energy transfer from the solar wind into the magnetosphere. This phe-
nomenon is particularly relevant at lower latitudes where such coupling leads to intensified
geomagnetic activity. Therefore, the B, component is the most critical compared to By
and By (Singh, 2019).

2.6 Magnetosphere-Ionosphere Coupling

Magnetosphere-ionosphere coupling is fundamental to dynamics in Earth’s near-space en-
vironment, especially during geomagnetic storms when solar wind energy and momentum
are transferred first to the magnetosphere and then into the ionosphere via field-aligned
currents (Frey et al., 2003). Two primary processes regulate equatorial ionospheric electric
fields during such storms: Prompt Penetration Electric Fields (PPEFs) and Disturbance
Dynamo Electric Fields (DDEFs) (Huang et al., 2016b). PPEFs develop immediately
after geomagnetic disturbances, rapidly altering the equatorial ionospheric electric field
and enhancing post-sunset plasma irregularities that cause scintillation, as demonstrated
in studies by Huang et al. (2016b). DDEF arises from storm-time high-latitude energy
inputs that modify global thermospheric circulation, producing longer-lasting changes in
the ionospheric electric field. The pre-reversal enhancement (PRE),an evening rise in
the zonal electric field is critical in lifting the F-layer to altitudes conducive to plasma
instability and scintillation (Huang et al., 2016b). East Africa is especially vulnerable
due to an intense PRE and a pronounced equatorial ionization anomaly (EIA), both of
which amplify ionospheric irregularities (Frey et al., 2003). Importantly, the timing of
geomagnetic storm onset, marked by the southward turning of the IMF Bz (bow shock
time), determines the strength and timing of PPEF and PRE effects in the equatorial
ionosphere. This temporal relationship underpins the present study’s focus on storm

commencement time as a key driver of scintillation activity and GNSS disruption in East
Africa.

2.6.1 Prompt Penetration Electric Fields

Prompt Penetration Electric Fields (PPEFs) appear almost immediately in response to
sudden changes in the interplanetary magnetic field (IMF) and the interaction between
the solar wind and magnetosphere during geomagnetic storms. They quickly carry electric
fields from the magnetosphere down to the equatorial ionosphere with very little delay.
PPEFs disrupt the usual electric field patterns by either strengthening or reversing the

normal eastward electric fields, impacting plasma drifts and densities on both the day
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and night sides (Frey et al., 2003). These fields typically last about 1 to 2 hours and are
directed eastward during the day and westward at night, playing a key role in disturbing

ionospheric conditions during the early stages of geomagnetic storms (Huang et al., 2016b;
Kikuchi et al., 2008).

2.6.2 Disturbance Dynamo Electric Field

Disturbance Dynamo Electric Fields (DDEF) are produced as a delayed, secondary
response to geomagnetic storms. They arise from changes in thermospheric winds,
which generate electric currents and create disturbance dynamo fields that usually appear
hours after storm onset and last longer. DDEF effects are most prominent at low and
mid-latitudes, with a slower impact on the ionosphere compared to Prompt Penetration
Electric Fields (PPEFs) (Fejer et al., 2008b; Dugassa et al., 2019). The zonal component
of DDEF points westward during the day and eastward at night, opposite to the typical
day /night ionospheric dynamo fields. Distinguishing the effects of PPEF and DDEF dur-
ing storms is challenging, as their generation mechanisms are understood, but separating
their contributions is difficult (Maruyama et al., 2005).

2.6.3 Pre reversal Enhancement

The pre-reversal enhancement (PRE) is a boost in the eastward electric field that happens
just before it switches to westward around sunset in the equatorial ionosphere (Rishbeth,
1971). This phenomenon is crucial for understanding how the ionosphere behaves and
how irregularities develop, especially in low-latitude areas. PRE usually occurs between
sunset and midnight and is marked by a surge in the eastward electric field, which causes
stronger upward drifts of ionospheric plasma (Abdu, 2005). This increase is mainly
driven by changes in thermospheric wind patterns and the electromagnetic link between
the ionosphere and magnetosphere. During geomagnetic storms, PPEFs can amplify
the PRE, pushing plasma drifts beyond usual levels and leading to plasma bubbles and
irregularities that can disturb GNSS signals (Maruyama et al., 2005).

2.7 Ionospheric Irregularities and Instabilities

2.7.1 Rayleigh-Taylor Instability

The ionosphere experiences critical electrodynamic and structural transformations fol-
lowing sunset due to the cessation of solar radiation, although ionized plasma, especially
in the F-layer, temporarily persists and is elevated by intensified eastward electric fields
(Kull, 1991). As the F-layer ascends through the E x B drift, the base thins, generating
a steep electron density gradient that forms an interface with denser plasma situated
above lighter plasma. This creates an unstable equilibrium known as the Rayleigh-Taylor

Instability (RTT), occurring when a heavier fluid overlies a lighter one under gravity
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(Kull, 1991). Over time, small disturbances at this interface amplify, causing denser
plasma to descend and lighter plasma to ascend, producing plasma “bubbles” the regions
of significantly depleted electron density (Kelley, 2009b). These plasma bubbles typically
form during post-sunset hours, are intensified during geomagnetic storm periods when
the F-layer is uplifted by strong eastward electric fields (Abdu, 2005; Wu et al., 2019),
and extend to higher altitudes while persisting for hours in low-latitude regions like East
Africa (Praveena et al., 2020). These irregularities are the primary source of small-
scale plasma disturbances causing rapid fluctuations and scintillation in GNSS signals
within the critical post-sunset interval (Wu et al., 2019). Consequently, plasma bubbles
constitute a prominent space weather factor affecting communication, navigation, and
timing systems in equatorial regions, with geomagnetic storms exacerbating the plasma
uplift and RTI-driven instability development (Abdu, 2005).

2.8 Global Navigation Satellite System

Global Navigation Satellite Systems (GNSS) refer to satellite-based networks that provide
worldwide positioning, navigation, and timing services (Kintner et al., 2007b). Prominent
GNSS constellations include the American Global Positioning System (GPS), Russian
GLONASS, European Galileo, and Chinese BeiDou (Hofmann-Wellenhof et al., 2007).
These systems transmit signals on multiple frequencies such as L1, L2, and L5, which
GNSS receivers process to determine precise user locations (Kintner et al., 2007b). GPS,
initially developed for military purposes but now widely available for civilian use, is
the most extensively utilized GNSS worldwide. It comprises 32 medium Earth orbit
satellites supported by ground-based control stations that synchronize satellite clocks
and monitor functionality (Ali et al., 2020; Misra and Enge, 2006). GPS receivers,
categorized into single- and dual-frequency types, decode signals from satellites; dual-
frequency receivers offer improved accuracy by tracking both L1 and L2 frequencies,
whereas single-frequency receivers track only L1 and are less precise but more affordable
(Kintner et al., 2007b). Despite GNSS’s widespread utility, these systems are vulnerable
to degradation from space weather phenomena, particularly ionospheric Total Electron
Content (TEC) variations and scintillation (Hofmann-Wellenhof et al., 2007). Ionospheric
disturbances cause signal delays, phase and amplitude scintillations, loss of lock, and posi-
tioning errors, critically impacting GNSS accuracy and reliability (Kintner et al., 2007b).
This vulnerability is especially pronounced in equatorial regions such as East Africa,
where the Equatorial Ionization Anomaly (EIA) and frequent post-sunset plasma bubbles
cause intense scintillation events (Ali et al., 2020). Studies have documented consistently
higher scintillation rates and greater positional errors in this region compared to mid-
latitudes, highlighting the urgent need for targeted research and mitigation (Ali et al.,
2020).Therefore, understanding and predicting ionospheric influences on GNSS signals

in low-latitude East Africa is critical for enhancing navigation system reliability in this
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region, where dependence on GNSS spans aviation, telecommunications, transportation,

and emergency response systems.

2.9 Propagation of radio waves through the ionosphere

Radio wave propagation through the ionosphere is significantly influenced by free elec-
trons, which cause refraction and signal delay proportional to the total electron content
(TEC) along the propagation path (Budden, 1985; Waters and Cox, 2009). For radio
waves to penetrate the ionosphere effectively, their frequency must exceed the ionosphere’s
critical frequency, including the X-mode and O-mode cutoffs ranging from a few to tens
of MHz (Davies, 1990). GNSS signals operate at frequencies well above these thresholds,
allowing them to pass through the ionosphere with minimal alteration under uniform
conditions (Kintner et al., 2007b). However, ionospheric inhomogeneities, particularly
prevalent at low latitudes like East Africa, introduce complex effects such as reflection,
refraction, and diffraction due to fluctuations in electron density and refractive index
(Aarons, 1982; Budden, 1985). Large-scale ionospheric effects primarily cause signal delay
and refraction, which are generally modeled and corrected in GNSS positioning (Kintner
et al., 2007b). In contrast, small-scale irregularities induce ionospheric scintillation in
form of rapid amplitude and phase fluctuations that can cause signal fading, loss of
lock, and positioning errors, posing significant challenges to GNSS reliability (Singh,
2019). Scintillation events are particularly intense and frequent in equatorial regions due
to post-sunset plasma bubble activity, which disrupts the ionospheric electron density
(Kintner et al., 2007b). In East Africa, strong scintillation during post-sunset periods
degrades navigation and communication system performance, underscoring the critical
need to understand and model these propagation effects for regional GNSS applications
(Kintner et al., 2007b). The detailed understanding of how the ionosphere affects radio
waves distinguishing between large-scale signal delays and small-scale signal fluctuations
(scintillation) shows why this study focuses on ionospheric irregularities. These irregu-
larities significantly impact the accuracy and reliability of GNSS signals, especially in
low-latitude regions like East Africa where such disturbances are most severe. This focus
is essential for improving GNSS performance and addressing challenges unique to this

area.

2.10 JTonospheric scintillation

Ionospheric scintillation is the rapid fluctuation in radio signal amplitude and phase
caused by plasma irregularities in the ionosphere (Kintner et al., 2007b). These fluc-
tuations degrade signal quality and can cause GPS receivers to lose lock, increasing
navigation errors or failures (Aarons, 1982; Basu et al., 2002a). Scintillation arises

from refractive and diffractive effects as radio waves traverse irregular plasma densities,
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causing signal phase interference (Kintner et al., 2007b). Globally, scintillation is most
intense at high and low latitudes, with the equatorial region especially East Africa being
one of the strongest scintillation belts due to plasma bubbles linked to the equatorial
ionization anomaly (EIA) during post-sunset (Conker et al., 2000). These irregularities
cause amplitude scintillation, signal fading, cycle slips, and loss of lock, which are harder
to predict than large-scale ionospheric delays (Kintner et al., 2007b). A related factor
that can mimic or exacerbate scintillation effects is multipath, where signals reflect off
nearby surfaces before reaching the receiver antenna, producing interference patterns that
resemble ionospheric scintillation (Braasch, 1996). Multipath effects depend on the local
environment, receiver antenna design, and satellite geometry, complicating signal inter-
pretation and error correction (Conker et al., 2000). Research mainly focuses on storm
intensity impacts, but scintillation does not always align with storm strength. Instead,
storm onset timing and particularly the southward turning of IMF Bz which governs
the occurrence of prompt penetration electric fields and pre-reversal enhancements that
drive scintillation onset and severity in the equatorial ionosphere (Singh, 2019). This
timing relationship is central to understanding regional scintillation variability in East
Africa. Moreover, slower plasma drift velocities and longer plasma irregularities at low
latitudes cause amplitude scintillation to dominate the East African region (Abiriga et al.,
2021). Frequent scintillation and multipath combined strain GPS receivers operating at
fixed frequencies, reducing recovery time after cycle slips or loss of lock, thus elevating
navigation errors during intense ionospheric disturbance periods (Basu et al., 2002a).
Generally, the complex interplay of ionospheric irregularities, storm timing, and multipath
effects critically influences GNSS performance in East Africa, underscoring the need for

regionalized models and mitigation strategies.

2.10.1 Amplitude scintillation

Amplitude scintillation is the rapid fluctuations in the strength/amplitude of signals as
they propagate through the ionosphere (Kintner et al., 2007b). These fluctuations result
from irregularities in the ionosphere specifically due to variations in electron density
(Basu et al., 2002b). Amplitude scintillations predominantly occurs at low latitudes
during the post sunset hours. This dominance is attributed to the unique behavior of
radio signal propagation in the low-latitude region. This is brought particularly by the
distinct electrodynamic characteristics of the ionosphere in this region. It should be noted
that in the lower latitude region, plasma drift velocities are generally lower compared to
those at higher latitudes. This slower movement results in the formation of larger scale
plasma irregularities (Abiriga et al., 2021). These larger irregularities tend to have a
more significant impact on the amplitude of radio signals in low latitude areas. The
fluctuations in signal strength caused by this effect are known as amplitude scintillation.

Amplitude scintillation is quantified using the scintillation index S4 as measured by GPS
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receivers (Abiriga et al., 2021; Kintner et al., 2007b). Conversely, at high latitudes,
plasma irregularities are smaller in scale and occur at higher drift velocities. This leads
to rapid changes in signal phase, resulting in phase scintillation rather than amplitude
scintillation (Spogli et al., 2009). Therefore, the dominance of amplitude scintillation in
low latitude regions stems from their unique ionospheric and electrodynamic properties,
distinguishing them from high latitude areas where phase scintillation is more prevalent
(Aarons, 1997).

Amplitude scintillation occurs more frequently after sunset (Kelley, 2009b). This is due
to the fact that after sunset, rapid recombination of ionospheric plasma in the lower
altitudes creates steep vertical gradients in electron density. This leads to Rayleigh-Taylor
instability, causing "bubbles" of low-density plasma to rise from lower to higher altitudes
(Basu et al., 2002b). As these bubbles ascend, they create turbulence and irregularities
in electron density along their path, causing GPS and other radio signals passing through
them to scintillate. Amplitude scintillation effects are severe for Very High Frequency
(VHF) signals compared to Ultra High Frequency (UHF) signals (Praveena et al., 2020).

The S4 index is primarily determined by a normalized standard deviation of signal
intensity recorded over a specific time interval. This signal intensity is expressed in terms
of Signal to Noise Ratio (SNR) (Datta-Barua et al., 2003; Guo et al., 2019). A higher
SNR signifies a stronger and clearer signal compared to the noise, whereas a lower SNR
represents a weaker signal that is harder to distinguish from the noise (Tandra and Sahai,
2008). Amplitude scintillation is described by the scintillation index S4 and it refers to
the standard deviation of the received signal power measured at a rate of 50 samples per
second, normalized by its mean value (Abiriga et al., 2021). Amplitude scintillation S4

is mathematically expressed in the equation 2.1

s1— [ 1)

I is the mean incoming signal power in Watts (W) and S4 is the amplitude scintillation
index (Abiriga et al., 2021). When amplitude scintillation becomes intense, the SNR of
the GPS receiver decreases. This reduction weakens the received signal and can push it
below the lock threshold. As a result, errors occur in GPS carrier measurements. This
condition leads to a loss of code lock on the GPS signal. (Salles et al., 2021). The lock
threshold is determined by the bandwidth of the GPS receiver system. It is also influenced

by the tracking channel of the receiver. The SNR can be mathematically expressed in

S P, signal Asignal ?
R = 2.2
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the equation 2.2
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P is the average power in W and A is the root mean square amplitude in volts (V). SNR

is usually expressed in decibels (dB) given by the equation 2.3

S psi na Asi na
§(4B) = 101og;, —* L = 201og,, (Ag ‘) (2.3)

noise noise

The Carrier to Noise Ratio (CNR) is the SNR of a processed signal. A higher CNR value
means better reception quality. It is expressed in dB/Hz and mathematically defined by
the equation 2.4

c_cC
N, KgT

The received carrier power is denoted as C in watts, Ky represents Boltzmann’s constant

(2.4)

in Joules per Kelvin, and T is the receiver system noise temperature measured in Kelvin
(K). According to Dubey et al. (2005), the nominal carrier-to-noise ratio (CNR) for the L1
band is 45 dB/Hz. Signal tracking is interrupted when the CNR falls below 24 24 dB/Hz.
The study also notes that the L2 signal is more vulnerable to decreases in CNR compared
to L1, mainly because the L2 power 6 dB lower than that of L1.

Basing on the S4 values, scintillation events are categorised as weak, moderate and strong.
An event is considered weak when 0.2 < S4 < 0.4, moderate when 0.4 < S4 < 0.6 and
strong when 0.6 < S4 < 1.2 according to the study by Jurua et al. (2024). In the same
study the lower and upper threshold values of S4 were set at 0.2 and 1.2 respectively. All

the S4 values that lied below 0.2 were considered as background noise.

2.10.2 Phase scintillation

Phase scintillation is a rapid fluctuation in the phase of a radio signal as it passes through
the ionosphere (Basu et al., 1998). These fluctuations result from small-scale irregularities
in ionospheric electron density, which create random variations in the path length and
velocity of the signal as it travels to the receiver (Yeh and Liu, 1982). These irregularities
introduce rapid, random phase shifts, causing the signal’s phase to vary unpredictably
over time. In GPS and satellite communications, phase scintillation can lead to errors in
phase-based measurements which impacts the accuracy of systems that rely on precise
timing and positioning. This effect is particularly concerning GPS applications where
phase information is critical for calculating accurate positions (Kintner et al., 2007b).
Phase scintillation tends to be most intense in polar and equatorial regions especially
during periods of high geomagnetic activity when ionospheric disturbances are more pro-
nounced (Aarons, 1997). These ionospheric disturbances at the poles enhance ionospheric
turbulence leading to increased irregularities in electron density. As signals pass through

disturbed ionospheric regions, they experience larger variations in path length and speed,
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leading to stronger phase fluctuations (Gulyaeva, 2003). In contrast, low-latitude areas
near the equator face unique ionospheric behaviors, such as the formation of equatorial
plasma bubbles, which mainly affect amplitude scintillation instead of phase (Basu et al.,
1998). Phase scintillation is measured using carrier-phase data, and its intensity is
quantified by the phase scintillation index oy , defined as the standard deviation of the
carrier-phase measurements, mathematically expressed in equation 2.5 (Demyanov et al.,
2019).

oy =/ (9%) — (9)? (2.5)

where ¢ is the signal phase in degrees or radians. Rapid changes in signal frequency
caused by phase scintillation can cause GPS receivers to lose signal lock. When the
Doppler shift exceeds the bandwidth of the phase lock loop (PLL), the receiver fails to
maintain phase lock due to errors in the apparent range rate (Van Dierendonck et al.,
1993).
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Chapter 3

Data and Methods

This chapter describes the data, data sources used in this study and the procedures
adopted to process it to achieve a set of objectives. Section 3.1 describes the sources
of data used, section 3.2 gives details on data analysis and processing while section 3.3

explains the methods used to achieve each objective.

3.1 Data sources

3.1.1 Geomagnetic Storm Data

The Geomagnetic Storm Data were sourced from NASA’s OMNIWeb data explorer
(http://omnweb.gsfc.nasa.gov/form/dx1.html) for the period 2011 to 2016 and in-
clude three primary geomagnetic indices: Dst, Kp, and IMF Bz. The datasets have
varying temporal resolutions, typically with Dst reported on an hourly basis, Kp on
three hourly basis while IMF Bz data are available at finer resolution of 1-minute in-
tervals (Gonzalez et al., 1994).The Disturbance Storm Time (Dst) index was selected
for storm intensity classification due to its sensitivity to the ring current and global
geomagnetic storm magnitude. The Kp index, representing global geomagnetic activity
derived from ground magnetometer measurements, was included to assess overall auroral
and substorm activity levels (Bartels et al., 1939). IMF Bz, the north-south component
of the interplanetary magnetic field, was critical for determining storm onset timing, as
its sustained southward orientation facilitates magnetic reconnection and energy transfer

into Earth’s magnetosphere (Dungey, 1961).
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3.1.2 Ionospheric Scintillation Data

The ionospheric scintillation data used in this study were obtained from two SCINDA
GPS receiver stations located at Makerere University (MAK) and Mbarara University of
Science and Technology (MBA).The geographical location of these receivers are indicated
in the Figure 3.1 and their coordinates listed in Table 3.1.

5

GPS SCINDA
4 | station

Geographic Latitude [deg]

29 30 31 32 33 34 35 36
Geographic Longitude [deg]
Figure 3.1: Map of Uganda showing SCINDA receiver stations (Mbarara, Makerere)

Table 3.1: Locations GPS SCINDA receivers used in this study

Station Geographic Geomagnetic
Place Type Code Lon Lat Lon Lat (°N)
(“E) (°N) (“E)
Makerere GPS-SCINDA MAK 32.57 0.35 104.2 -9.3
Mbarara  GPS-SCINDA MBA 30.66 -0.62 108.5 -11.03

These data cover the period from 2011 to 2016, closely matching the geomagnetic
storm period under study. The SCINDA system records scintillation at a 1-minute
resolution derived from raw data sampled at higher rates (Groves et al., 1997). The key
scintillation parameter analyzed is the amplitude scintillation index, S4, where values
above 0.2 typically indicate meaningful scintillation events (Groves et al., 1997). The
data are stored in SCN and PCN file formats and include continuous measurements of
signal amplitude and phase fluctuations. Figure 3.2 illustrates the monthly availability of
valid data days, highlighting gaps resulting from receiver malfunctions and maintenance

issues. These interruptions reflect challenges in ground-based ionospheric monitoring but
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still allow robust analysis due to substantial data coverage (Bartels et al., 1939). This

figure shows the number of days with scintillation data for each month of the years under

study.
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Figure 3.2: Number of days with valid scintillation data (2011-2016)

3.2 Data Processing

The raw scintillation data used in this study were obtained from SCINDA GPS re-
ceivers at Makerere University (MAK) and Mbarara University of Science and Technology
(MBA). These data, recorded in SCN and PCN file formats, were processed using the
GPS-TEC software developed by Gopi Seemala (Seemala and Valladares, 2008). This
program converts raw scintillation data into 10-column CMN files containing Julian date,
measurement time, satellite number designated by the Pseudo-Random Noise (PRN)
code, satellite azimuth and elevation angles, ionospheric pierce point coordinates, slant
TEC, vertical TEC, and amplitude scintillation index (S4). To enhance data quality, only
measurements from satellites with elevation angles greater than 30° were considered,
which helps reduce multipath effects (Amabayo et al.,(2014)). Outliers likely caused

by instrument errors were removed by excluding S4 values exceeding the theoretical
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maximum of /2(Hlubek et al., 2014). Additionally, scintillation events were defined
as those with S4 values exceeding a lower threshold of 0.2, considered the background
noise level (Jiao and Morton, 2015). The processed data were aggregated into monthly
datasets with percentage occurrences calculated for weak (0.2 < S4 < 0.4), moderate
(0.4 < S4 <0.6), and strong (54 > 0.6) scintillation events (Jurua et al., 2024). These
processing steps align with standard SCINDA usage best practices and ensure robust

representation of scintillation climatology over the study period.

3.3 Methods

3.3.1 Geomagnetic Storm Classification

Geomagnetic storms were characterized into three phases: initial, main, and recovery.
Storm onset was determined by the bow shock arrival time, identified as the epoch
when IMF Bz first transitions to a sustained southward orientation (Dungey, 1961).
The Dst index was used to classify storm intensity into weak (—50nT" < Dst < —25nT),
moderate (—100nT < Dst < —50nT), and severe (Dst < —100nT') categories, following
Matamba and Habarulema (2018), with justification for deviation from standard Gonzalez
et al. (1994) thresholds to reflect regional characteristics. The Dst index threshold for
weak geomagnetic storms is set differently from the standard Gonzalez et al. (1994)
classification, adopting the range —50nT < Dst < —25nT as proposed by Matamba
and Habarulema (2018). This adjustment reflects the need to better capture region-
specific geomagnetic responses, particularly in equatorial and low-latitude areas, where
even moderate Dst depressions below -25 nT can significantly affect ionospheric and
magnetospheric conditions. Such tailored thresholds enhance the sensitivity of storm
impact assessments relevant to the local geophysical environment, thus improving the
accuracy and applicability of the results over relying solely on broader global criteria.
The Kp index classified geomagnetically quiet days (Kp < 3) versus storm-disturbed
days (Kp > 3) (Jurua et al., 2024), with Kp guiding broader identification of activity
levels and Dst refining storm strength on identified storm days. Storms were further
categorized as CME- or CIR-driven, with weaker/moderate storms attributed to CIR
events due to their slower energy input and CME-driven storms validated via the CDAW
CME catalog https://cdaw.gsfc.nasa.gov/CME_list/ (Pandya et al., 2019). Most
weak and moderate geomagnetic storms are associated with corotating interaction regions
(CIRs), while severe storms are predominantly driven by coronal mass ejections (CMEs)
(Pandya et al., 2019). CIRs, caused by the interaction of fast and slow solar wind
streams, produce recurrent but generally less intense disturbances, whereas CMEs are
large, sudden eruptions from the Sun that inject significant energy into the magneto-
sphere, leading to stronger geomagnetic storms. This distinction is important because

it reflects the different solar wind structures responsible for storms of varying intensity,
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allowing for more accurate classification and understanding of storm impacts in space

weather studies.

3.3.2 Scintillation Data Analysis

To study ionospheric scintillation morphology and climatology, amplitude scintillation
(S4) values from SCINDA receivers were analyzed. S4 values were averaged over 1-minute
intervals and only data from satellites with elevation angles 30° were included to mitigate
multipath. Scintillation event start/end times correspond to S4 exceeding/dropping
below 0.2 threshold (Jiao and Morton, 2015). Events were classified as weak (0.2 <
S4 < 0.4), moderate (0.4 < S4 < 0.6), and strong (5S4 > 0.6) (Jurua et al., 2024).
Monthly percentages of these categories were calculated using formulas (3.1), (3.2), and

(3.3).
N(0.2 < S4 < 0.4) x 100

P eak — 3.1
Weals N(S;>0.2) (3:-1)
N(0.4 < Sy < 0.6) x 100
P oderate — 3.2
Moderat N (S > 0.2) (3:2)
N(0.6 < Sy < 1.2) x 100

P rong — .

Swrong N(S;>0.2) (3:3)

Where N denotes the number of events in the specified S4 range.

3.3.3 Correlation between Geomagnetic Storms and Scintillation

To assess storm onset effects on scintillation, bow shock times were matched with mean S4
values over five-day windows spanning storm onset, peak, and recovery phases (Kintner
et al., 2007a). S4 data were averaged over 5-minute intervals using signals from satellites
above 30° elevation. Thresholds for average S4 were adjusted:S4 < 0.1 (no scintillation),
0.1 < S4 < 0.3 (weak), S4 > 0.3 (strong) to account for averaging effects. Lowering S4
thresholds after averaging practically smooths out short-duration peaks in scintillation,
reducing the observed index values. The specific values of 0.1 and 0.3 were adapted in
this study to compensate for this effect and better align with the true occurrence of iono-
spheric irregularities. This method enables focused analysis of storm-driven scintillation,

minimizing unrelated background disturbances.
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Chapter 4

Results and Discussions

This chapter presents the results of the research. The key observations and findings of

the study are also discussed.

4.1 Geomagnetic Storms.

This section presents the morphology, the classification and the statistics of geomagnetic
storms. The total number of storms in the period between 2011 and 2016 and the number

of storms in each category as classified by Matamba and Habarulema (2018) are indicated.

4.1.1 Classification results of geomagnetic storms

The Figures 4.1, 4.2, and 4.3 show intense, moderate, and weak geomagnetic storms from
the study. Each plot presents the IMF Bz component (green), Kp index (red), and Dst
index (magenta) over several days against Universal Time. A vertical brown dotted line
marks the storm onset, aligned with the sharpest southward Bz turning. This southward
Bz is critical as it enables magnetic reconnection between the solar wind and Earth’s
magnetosphere. This process allows energy transfer into the magnetosphere, triggering

the geomagnetic storm at the bow shock time.

Figure 4.1 shows two panels (a) and (b) of progressive intense geomagnetic storms. Panel
(a) shows a storm that occurred between 15 to 19 March, 2015, and in panel (b) the

storm event occurred between 24 to 28 October, 2015.
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Figure 4.1: Classification of intense geomagnetic storm events (Dst < —100 nT)

In panel (a), the storm begun on March 17th, 2015, at around 15:00 UT, marked by a
significant southward orientation in the Bz component, reaching -20 nT as indicated by

a brown vertical dotted line. The Kp index quickly rose above the yellow horizontal line
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drawn at Kp=3, signifying a geomagnetically disturbed day. The Kp index maintained
values above this threshold for an extended duration, reflecting the storm’s intensity.
Correspondingly, the Dst index shows a sharp decline, dropping below -100 nT marked
by a blue dotted horizontal line and reached a minimum of around -220 nT, classify-
ing this as a severe geomagnetic storm as categorised by Matamba and Habarulema
(2018). According to Gonzalez et al. (1994) this pronounced drop indicates a substantial
enhancement of the ring current, driven by strong solar wind magnetosphere coupling.
Panel (b) similarly displays the development of an severe storm starting on October 24th,
2015, with the storm commencement time around 23:00 UT, corresponding to a steep
southward turning of the IMF Bz as indicated by a brown vertical dotted line. The Bz
dropped sharply to about -15 n'T, to initiate geomagnetic activity. Shortly after this drop,
the Kp index rose significantly above the Kp=3 threshold marked by horizontal yellow
dotted line, confirming the day as storm disturbed. The Dst index then fell steeply
below the horizontal dotted blue line, reaching a minimum of approximately -149 nT,
placing this event in the severe storm category. Although the storm in October 2015
was not as severe as the March 2015 event in terms of Dst depth, it still indicated a
powerful enhancement of geomagnetic activity. In both cases, the severe geomagnetic
storms followed a consistent sequence; a sudden southward excursion of the IMF Bz, a
rapid increase in the Kp index indicating widespread disturbance and a steep drop in
the Dst index below -100 n'T, confirming the storm’s severity. These patterns highlight
the strong influence of interplanetary conditions particularly the orientation of the Bz

component on the Earth’s geomagnetic environment.
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Figure 4.2: Classification of moderate geomagnetic storms (—100 < Dst < —50 nT)

The two panels (a) and (b) illustrate the progression of moderate geomagnetic storms.
In panel (a), the April 2016 storm begun at around 11:00 UT on April 13th, marked
by a distinct decrease in the Bz component to approximately -10 nT as indicated by
a brown vertical dotted line. This was followed by a rise in the Kp index to values

above 3, indicating a geomagnetically disturbed day. The Kp curve remained above
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the horizontal yellow dotted line for a considerable duration, confirming the presence
of active geomagnetic conditions. Shortly thereafter, the Dst index droped below -50
nT marked by a blue horizontal dotted line and reached a minimum of approximately
-65 n'T, which falls within the range of a moderate geomagnetic storm as categorised
by Matamba and Habarulema (2018). The Dst curve then exhibited a gradual recovery
pattern, typical of moderate storm events. Panel (b) displays a similar pattern during the
storm from September 14th to 18th, 2011. The storm onset occured at around 09:00 UT
on September 17th, corresponding to a sharp southward turn in Bz to nearly -12 n'T. This
turning point again led to a rise in the Kp index beyond the threshold of 3, signifying
heightened geomagnetic activity. The Dst index also responded with a drop below -50
nT marked by a blue horizontal dotted line, reaching a minimum near -75 nT. As in
panel (a), the Dst profile revealed a clearly defined main phase followed by a recovery
phase, consistent with the dynamics of a moderate geomagnetic storm. Both panels
demonstrated key features associated with moderate geomagnetic storms: the initiation
by a southward IMF Bz turning, an accompanying rise in the Kp index beyond 3, and a
drop in the Dst index to between -50 and -100 nT. These elements collectively confirm
the storms’ classification by Matamba and Habarulema (2018) as moderate geomagnetic

storms.

Moderate geomagnetic storms occur when the Earth’s magnetic field is moderately dis-
turbed by enhanced solar activity such as high-speed solar wind streams from coronal
holes (Tsurutani et al., 1992). These storms are less intense than intense storms but still
significant with Dst index values ranging between -50 nT and -100 nT. They are not as
disruptive as severe storms but still have got notable impacts on both the ionosphere and
the magnetosphere (Kappenman, 2005). It should be noted that moderate geomagnetic
storms often occur due to CIRs from solar wind streams or small-to-moderate CMEs.
CIRs arise from the interaction between fast and slow solar wind streams and are more
common during the declining phase of the solar cycle (Borovsky and Denton, 2006). CIR-
driven moderate storms are often less abrupt than CME-driven events though they can
last longer resulting in sustained geomagnetic disturbances over several days (Kappen-
man, 2005). Figure 4.3 presents two panels (a) and (b) of typical weak geomagnetic

storms.
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G gnetic storm: April 24th-28th, 2013 Geomagnetic storm: Oct 14th-18th, 2014
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Figure 4.3: Classification of weak geomagnetic storms (—50 < Dst < —25 nT')

In panel (a), the storm onset occured at around 11:00 UT on April 24th, 2013, where
the IMF Bz reached its peak minimum value as indicated by a brown vertical dotted
line. This was immediately followed by a rise in the Kp index, which crossed the yellow
horizontal line at Kp=3, indicating that the day was geomagnetically disturbed. The
Kp index fluctuated above this threshold for several hours, confirming the storm’s active
phase. The Dst index, which reflects the intensity of the storm, dropped below -25 nT
(below a blue horizontal dotted line) but remained close to -50 nT, categorizing the event
as a weak geomagnetic storm. The Dst depression was mild and exhibited a shallow
recovery, indicating limited ring current intensification during the event. Similarly, panel
(b) showed the October 2014 storm with its onset around 15:00 UT on October 14th,
again marked by a clear southward excursion of the IMF Bz component and indicated by a
brown vertical horizontal line. The Kp index, in response, rose above the Kp=3 threshold
shortly afterward and remained elevated for a prolonged period, signifying a sustained
disturbance. However, the Dst index only dropped to about -47 n'T, remaining within the
weak storm range. Like the previous event, this storm featured modest magnetospheric
activity, as indicated by the shallow depth and short duration of the Dst depression. In
both panels, the onset of geomagnetic activity indicated by the brown vertical dotted line
were clearly triggered by a southward turning of the IMF Bz, validating the importance
of this parameter in storm initiation.

In panel (a), the storm onset occurred around 11:00 UT on April 24th, 2013, where
the IMF Bz reached its peak minimum value, marked by a brown vertical dotted line.
This was followed by a rise in the Kp index, crossing the yellow horizontal line at Kp=3,
indicating the day was geomagnetically disturbed

. The Kp index stayed above this threshold for several hours, confirming the storm’s
active phase. The Dst index, reflecting storm intensity, dropped below -25 nT (under
a blue horizontal dotted line) but stayed near -50 nT, classifying the event as a weak

geomagnetic storm. The Dst depression was mild, showing a shallow recovery and limited
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ring current intensification.

Panel (b) shows the October 2014 storm onset around 15:00 UT on October 14th,
marked by a brown vertical dotted line and a clear southward excursion of IMF Bz.
The Kp index rose above the Kp=3 threshold soon after, staying elevated for a long
period, indicating a sustained disturbance. The Dst index dropped to about -47 n'T, still
within the weak storm range. This storm also showed modest magnetospheric activity,

demonstrated by the shallow and brief Dst depression.
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4.1.2 Statistical analysis of geomagnetic storms.

The statistics indicate that there was a total of 1,082 geomagnetic storms in the period
between 2011 and 2016. Out of this number of storms, 822 were weak, 231 were moderate
and 29 were severe following the categories by Matamba and Habarulema (2018). These

storm statistics are presented in the Figure 4.4.
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Figure 4.4: Average sunspot number vs storm categories (solar cycle 24)

The Figure 4.4 illustrates the relationship between geomagnetic storm activity and
average sunspot numbers over the period of years from 2011 to 2016. The geomagnetic
storms were categorised into weak, moderate and severe events and overlayed with the
average annual sunspot number. A clear pattern that aligns with solar cycle was observed
and both the number of geomagnetic storms and sunspot numbers gradually increased
from 2011. The peak was observed around 2014 and then declined towards 2016. Weak
storms were the most frequent throughout the period, with a notable peak in 2015
while moderate storms followed a similar trend on a smaller scale. Severe storms were
relatively rare and did not show a strong correlation with sunspot numbers. The green
line representing average sunspot numbers indicated the solar cycle rising sharply to a
peak in 2014 before falling steeply. This alignment reveals a strong relationship between
solar activity indicated by sunspot numbers and the occurrence of geomagnetic storms
particularly of weak and moderate intensity. Generally, it was observed there was a
high chance of occurrence geomagnetic storms during period of high sunspot numbers.
This is because sunspots are indicators of intense solar activity. Regions with many
sunspots are often associated with solar flares, CMEs and huge bursts of solar wind
and magnetic fields (Hathaway, 2015). When these CMEs reach Earth, they disturb
the planet’s magnetic field and trigger geomagnetic storms. So, more sunspots typically
mean a higher likelihood of such solar eruptions and hence increasing the chances of

geomagnetic storms (Gopalswamy, 2006).
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The geomagnetic storms were further categorised into CIR driven and CME driven
storms. The statistics in this study showed that out of 1,082 storms, a total of 1053
storms were CIR driven and only 29 storms were CME driven as indicated in Figure 4.5.
It was also observed that out of the 29 CME driven storms only 4 storms were driven by
fast Halo CMEs. This is according to CME catalog.

Number of geomagnetic storms.
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Figure 4.5: Total number of geomagnetic storms (2011-2016)

The annual count of geomagnetic storms from 2011 to 2016, categorized by their origin
CIR storms and CME storms, alongside the total number of storms were presented in
the bar graph in the Figure 4.5. The bar graph shows that CIR storms (blue bars)
overwhelmingly dominate the storm occurrences across all years while CME storms
(orange bars) are relatively rare and contribute only a small fraction to the total (yellow
bars). The data in this figure is relative to the solar activity trend observed in Figure
4.4. Both figures showed a rise in geomagnetic storm frequency from 2011, peaking
around 2015 and then declining towards 2016. The peak in total geomagnetic storms in
2015 aligns with the highest average sunspot numbers from Figure 4.4, this implies that
increased solar activity contributed to more frequent geomagnetic disturbances. However,
this figure provided a deeper insight into the source of these storms highlighting that CIR-
driven storms are the primary contributors, particularly during the declining phase of the
solar cycle (post-2015). The rarity of CME storms compared to CIR storms also suggests
that while CMEs can cause more intense geomagnetic effects, they are less frequent
than CIRs which occur more regularly as part of the solar wind structure. Thus, this
figure complements Figure 4.4 by emphasizing that the observed trend in geomagnetic
storm frequency is largely driven by CIRs rather than CMEs even during periods of high
sunspot activity. Generally, both figures revealed the dominant role of CIRs in driving

space weather during the period of study.
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4.2 Ionospheric Scintillation Events

This section presents ionospheric scintillation events observed by analysing the SCINDA
data obtained from the SCINDA stations Mbarara and Makerere. The results presented
in subsection 4.2.1 define a scintillation event. The diurnal variation of amplitude scintil-
lation is presented in subsection 4.2.2 while the annual scintillation statistics in subsection
4.2.3.

4.2.1 The morphology of a scintillation event

The Figures 4.6 and 4.7 present satellite elevation and scintillation data over a 24-hour
period. The top panel shows the elevation angles of multiple satellites, each represented
by a colored arc. These arcs mostly remain above the 30° elevation threshold. This
is essential for ensuring reliable GPS signal reception by reducing the effects of atmo-
spheric interference and multipath effect providing continuous and reliable sky coverage.
The bottom panel illustrates the S4 index, a metric used to quantify signal amplitude

scintillation caused by ionospheric irregularities.
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Figure 4.6: Background signal levels for scintillation index (S4)

Figure 4.6 (a) indicates a plot from Makerere SCINDA on 2nd April 2011. It displays
that S4 index predominantly remained below 0.2 marked by a red horizontal line, indicat-
ing background noise and generally quiet ionospheric conditions. The Instances where S4
values lied above the red horizontal line were short lived and remained within the 0.2 to 0.4
range, classifying them as minor scintillation events. These weak disturbances occurred
briefly in the early morning (04:00-07:00 UT), around midday (13:00 UT), and during
the early night hours (20:00-22:00 UT). Given their limited duration and low intensity,
these minor scintillations had no significant effect on signal quality and are typical of
weak low latitude ionospheric irregularities. Figure 4.6 (b) shows a SCINDA plot from
Mbarara on 21st April 2015. As with Figure 4.6 (a), satellites tracked by the receiver
maintain elevation angles above 30°, ensuring reliable signal coverage throughout the day.

The S4 index remained predominantly below 0.2, indicating background noise level and
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overall quiet ionospheric conditions. However, brief instances of minor scintillation were
seen early in the morning between 04:00-06:00 UT, with isolated S4 values exceeding 0.4
and a few even surpassing 1.0, suggesting short-lived but locally stronger irregularities
more pronounced than those seen in the Makerere data. These elevated S4 values,
although short in duration, may have been caused by localized and transient equatorial
plasma irregularities, possibly triggered by residual post-midnight instabilities or weak
early morning electrodynamic processes. The dominant background scintillation (S4 <
0.2) throughout most of the day and night reflects a stable ionospheric environment,
which is typically maintained by low geomagnetic activity, the absence of post-sunset
equatorial plasma bubbles and steady solar ionization during the daytime. Such calm
conditions are also favored during periods of low solar and geomagnetic disturbance and
during times when large-scale ionospheric instabilities are not supported by seasonal
drivers. In summary, both the Makerere and Mbarara observations reflect predominantly
quiet ionospheric conditions with background level scintillation, though Mbarara recorded
slightly stronger early morning activity. These similarities highlight the generally stable

ionospheric behavior in the lower latitude region under quiet space weather conditions.
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Figure 4.7: Identified significant scintillation events (5S4 > 0.2)

The figure 4.7 (a) indicates plots from Makerere SCINDA station on 6th July 2012.
This figure provides a valuable insight into the diurnal behavior of satellite elevation
angles and S4 index in the lower latitude environment. The top panel demonstrates that
most GPS satellite tracks maintain elevation angles above 30°, a threshold that helps
reduce signal distortion due to atmospheric and multipath effects. In the bottom panel,
the S4 was plotted over Universal Time (UT). Reference lines at S4 = 0.2 (red), 0.4
(black), and 0.6 (blue) demarcate scintillation intensity levels. S4 values below the red
line indicate background noise with no significant scintillation, those between the red and
black lines suggest weak scintillation, values between the black and blue lines represent
moderate scintillation, and readings above the blue line reflect strong scintillation events.

From 00:00 to 17:00 UT, most S4 values remain below 0.2, indicating quiet ionospheric
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conditions. However, between 18:00 and 22:00 UT, there is a marked increase in scintilla-
tion activity, with several S4 values crossing into the weak and moderate categories, and
a few nearing the strong scintillation threshold. This evening enhancement aligns with
the known lower latitude ionospheric behavior, where post-sunset instabilities driven by
the PRE of the eastward electric field generate plasma irregularities that disrupt signal

amplitude.

The observations from Mbarara SCINDA station on 26th April 2015 indicated in Figure
4.7 (a) complemented the Makerere findings, reinforcing the recurring evening pattern of
scintillation in the East African lower latitude region. The elevation angles in the top
panel again show that most satellite paths exceeded the 30° threshold, ensuring high-
quality signal reception. The S4 index in the bottom panel is similarly plotted with
reference lines at 0.2 (red), 0.4 (black), and 0.6 (blue), defining background noise, weak,
moderate, and strong scintillation levels respectively. As with Makerere, the early hours
from 00:00 to 17:00 UT exhibit minimal scintillation, with S4 values staying within the
background noise range. Beginning around 18:00 UT, S4 values noticeably rise, many ex-
ceeding the 0.2 threshold and several surpassing 0.6, indicating strong scintillation events.
The consistency of this post-sunset scintillation behavior across both stations highlights
the influence of PRE driven electric fields that intensify ionospheric instabilities in the
equatorial F-region after local sunset. These instabilities give rise to plasma bubbles that
disturb GPS signal amplitude. The patterns observed in both stations, especially during
periods of elevated solar activity, underscore the dynamic and predictable nature of lower
latitude scintillation driven by solar and geomagnetic influences, with clear thresholds
distinguishing levels of signal degradation. These moderate and strong events observed
are potential to causing severe signal fluctuation and sometimes complete signal blackouts.
They lead to significant loss of lock in GNSS systems hence affecting positioning and
satellite navigation (Carrano et al., 2012). The weak scintillation events are potential
to causing minor amplitude variation and result in signal fading. They typically do not
completely lead to signal loss but may reduce accuracy or introduce small errors. The
errors caused by weak scintillations are not significant and can be easily fixed by setting
a lock threshold on GPS receiver system’s bandwidth (Carrano et al., 2012).

4.2.2 Diurnal Variation

The two panels (a) and (b) of the Figure 4.8 illustrate the diurnal variation of S4 index for
all satellites observed at elevation angles above 30°, over a month-long period. Panel (a)
presents data from SCINDA station MBA for April 2012, while panel (b) represents data
from SCINDA station MAK for May 2015. The red horizontal line at S4 = 0.2 indicates
the lower threshold distinguishing background noise from significant scintillation. Values

below this line are considered non-scintillating (background noise), while those above it
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indicate actual scintillation activity.

MBA SCINDA: April 2012

MAK SCINDA: May 2015.

(b)
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Figure 4.8: Diurnal variation of amplitude scintillation (Mbarara and Makerere)

In Figure 4.8 (a), corresponding to scintillation data from SCINDA station MBA for
April 2012, indicates that significant scintillation activity occurs predominantly during
the nighttime hours, particularly between 18:00 and 24:00 UT. During these night hours,
S4 values frequently exceed the 0.2 threshold, with occasional values nearing or exceeding
1.0, indicating very strong amplitude scintillation. This is a typical pattern in the low-
latitude regions, where post-sunset ionospheric irregularities lead to the formation of
EPBs (Dungey, 1956). These plasma bubbles result from the Rayleigh—Taylor instability
and can they cause amplitude scintillation. A secondary but less pronounced cluster of
elevated S4 values appeared between 05:00 and 07:00 UT, which could represent lingering
irregularities from the previous night or early morning transitional phenomena. Scattered
instances of daytime scintillation are also observed, although they are rare and mostly

remain close to the background noise threshold.

Figure 4.8 (b), represents scintillation data from MAK SCINDA station for May 2015.
It displays a similar overall pattern with strong scintillation concentrated in the post-
sunset period between 18:00 and 24:00 UT. However, compared to MBA, the scintillation
activity at MAK appears slightly more prolonged and intense, with more data points
exceeding S4 values of 1.0. Notably, Figure 4.8 (b) also shows a broader spread of daytime
scintillation events, with several scattered values above 0.2 occurring between 04:00 and
14:00 UT. This implies that the region around Makerere experienced more frequent
daytime irregularities during this month. These daytime scintillation events, although
less intense than the nighttime occurrences, are of interest due to their unexpected timing

under typically stable ionospheric conditions.

The nighttime scintillations observed in both plots are attributed primarily to EPBs,
which are driven by post-sunset F-region ionospheric instabilities (Dungey, 1956). These
bubbles form and rise through the ionosphere, disrupting the propagation of radio signals

and causing significant amplitude fluctuations Amabayo et al. (2014). It should be noted
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that the GPS receivers employed in this study were located in an elevated semi-arid region.
These areas typically have minimal green vegetation cover. Therefore, setting a signal ray
path elevation angle threshold of 30° was sufficient to eliminate all scintillation occurrences
resulting from multipath effects and line-of-sight obstructions caused by vegetation and
terrain, as highlighted in Amabayo et al. (2014). This verifies that the recorded post-
sunset scintillation events in the GPS L-band navigation signals were solely due to
ionospheric irregularities which are predominantly active at night (Martiningrum et al.,
2022).The variation in duration and intensity of these nighttime events between the two
sites are influenced by differences in geographical location, local ionospheric conditions,
geomagnetic activity and seasonal factors Perkins (1975). Daytime scintillations appeared
in both datasets but were less frequent and weaker. They are not linked to ionospheric
irregularities, which mostly occur after sunset and before sunrise. These daytime effects
are mainly caused by several factors, especially Atmospheric Gravity Waves (AGWs)
(Jimoh et al., 2022). AGWs start in the lower atmosphere and travel upward, disturbing
the ionosphere and creating plasma irregularities during the day. They are common in low
latitude areas due to high diurnal humidity, particularly during equinox months (Jimoh
et al., 2022). The plots confirm that amplitude scintillation is mainly a nighttime event
caused by equatorial plasma instabilities. Still, daytime scintillations in the MAK dataset

show the influence of secondary processes like atmospheric gravity waves.
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4.2.3 Annual and Seasonal Variability

This section shows the yearly frequency of scintillation events and the data availability
by the number of days with data each month.
The statistical analysis uses the percentage of scintillation occurrences to demonstrate

monthly, annual, and diurnal variation trends.
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Figure 4.9: Monthly variability of scintillation occurrence (Mbarara station)

Figure 4.9 (a) depicts the monthly percentage of scintillation events and their intensity
at Mbarara from 2011 to 2016, along with the number of days with data each month.
The top panel indicates that weak scintillations were most common, while moderate
and intense events were infrequent. The figure also shows that the occurrence of strong
scintillations was generally low, with peaks in April 2014 and April 2015. The peaks of
percentage of occurrence of moderate scintillation events were observed in March 2012
and March 2015. Scintillation occurrence generally exceeded 80% in months with data
indicating frequent ionospheric activity. However, significant data gaps were evident,
including the entire year of 2013 and parts of 2011, 2014, and 2016. The bottom panel
highlighted data availability with 2012 and 2015 providing the most complete records.
Despite the predominance of weak scintillations, their persistent nature suggested poten-
tial implications for satellite communication and GPS reliability.

Moderate and strong scintillations to occurred far less frequently compared to weak scin-
tillations throughout the period from 2011 to 2016. The stacked bar segments representing
moderate (orange) and strong (yellow) events were consistently small with avarages of 7%
and 0.5% respectively. This implies that these higher-intensity scintillations contribute
only a minor fraction to the total scintillation activity for the SCINDA data obtained from
Mbarara. When they did appear, moderate scintillations were slightly more common than

strong ones but still occurred sporadically. The relative scarcity of strong scintillation

40



events implied that severe ionospheric disturbances were not at this location. This pattern
reflects the regional ionospheric conditions or geomagnetic latitude of Mbarara which may
not favor the frequent development of irregularities that cause scintillations. The Figure
4.10 indicated Similar results for the annual probability of occurrence of scintillation

events as observed at SCINDA station in Makerere.
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Figure 4.10: Monthly variability of scintillation occurrence (Makerere station)

Figure 4.10 (b) presented the monthly percentage of occurrence of scintillation for the
data obtained from Makerere for a period from 2011 to 2016 along with the number
of days data was available each month. The data revealed that weak scintillations
(depicted in blue) overwhelmingly dominated across all observed periods with an average
of 85% while moderate (orange) and strong (yellow) scintillations are rare. Moderate
scintillations occasionally appear alongside periods of high weak scintillation activity
particularly in March and April 2012, September 2013, and April 2015. This implied
that the occurrence of scintillation events is highly associated with specific seasonal or
geomagnetic conditions. Strong scintillation events were nearly absent indicating that
strong ionospheric disturbances were not frequent. The presence of moderate scintillations
of an average of 9% implied that the ionospheric environment over Makerere was generally
unstable during the study period. This has got a negative implication for GNSS reliability
in the region but also highlights the need for continuous monitoring to better understand

and capture less frequent, higher impact scintillation events (Abadi et al., 2014).

4.3 Scintillation events during geomagnetic storms

The results of this study indicate three storm cases that were observed by matching
the scintillation events with geomagnetic storm. These storm cases present the rightful

geomagnetic storm conditions that influence the occurrence of scintillation events as
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discussed in subsection 4.3.1.

4.3.1 Case Studies of Storms
Case study 1.

Storm case 1 presents geomagnetic storm conditions that triggered ionospheric irregular-

ities which caused strong scintillation events as illustrated in Figure 4.13.
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Figure 4.11: Case Study 1: Storm-scintillation relationship for 11th-15th April 2012 and
5th-9th March 2013 geomagnetic storms

Figure 4.13(a) depicts a geomagnetic storm from April 11th to 15th, 2012. The top
panel shows the IMF Bz component turning southward around 12:00 UT on April 12th,
reaching a minimum of -8 nT at 19:00 UT the same day. This time, marked by a red
vertical dotted line, indicates the storm onset. The IMF Bz stayed mostly southward
for several hours before shifting northward around 10:00 UT on April 13th. Below, the
Kp index remained above 3 on April 11th and 12th, indicating geomagnetically disturbed
days. The Dst index varied between -25 n'T and -72 n'T, classifying the event as a moderate
geomagnetic storm. The bottom panel shows average S4 for all visible PRNs at Mbarara
GPS station on April 13th, 2012. Strong scintillations (54 > 0.3) occurred on the nights
of April 13th and 14th, aligning with the storm’s recovery phase.

Figure 4.13(b) presents another geomagnetic storm that occurred between 5th and 9th
March 2013. The IMF Bz component gradually turned southward before it attained its
minimum peak value of -12 nT at around 22:00 UT on 6th March 2013. This was the
time of commencement of the geomagnetic storm as indicated by a red dotted vertical
line. It then briefly returned northward before turning southward again on 7th March
and then northward for the rest of the storm days . The Kp index reached a peak value
of 3 on 6th March, signifying a storm-disturbed day. Dst index recorded a minimum of
-100 n'T" at around 00:00 UT on 6th March, indicating a severe geomagnetic storm. The
bottom panel shows the average GPS S4 recorded at the Makerere for all visible satellites
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during this storm period. Strong scintillation events with average S4>0.3 were observed
during the nights of 6th, 7th and 8th March 2013, aligning with the recovery phase of

the storm.

Case study 2.
Storm case 2 is presented in the Figure 4.12 (a) and (b) indicates moderate scintillation

events for scintillation data over Mbarara and Makerere SCINDA stations.
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Figure 4.12: Case Study 2: Storm-scintillation relationship for 8th-12th July 2012 and
13th-17th June 2014 geomagnetic storms

Figure 4.12(a) shows the effects of a moderate geomagnetic storm from July 8th to
12th, 2012. On July 9th, the IMF Bz component had a prolonged southward excursion,
reaching about -11 nT near 13:00 UT. This peak southward turning, marked by a red
vertical dotted line, indicates the storm onset (bow shock time). The Kp index sharply
rose to 8 that day, signaling a disturbed geomagnetic state. The second-bottom panel
shows the Dst index dropping to -80 n'T, confirming the event as a moderate geomagnetic
storm. The bottom panel depicts mean amplitude scintillation at the SCINDA station in
Mbarara for all visible satellites during the storm. Weak scintillations, with average values
between 0.14 < 0.3, occurred on the nights of July 9th to 12th, gradually weakening over

consecutive nights.

Figure 4.12(b) shows another storm-disturbed period spanning 13th to 17th June 2014.
The IMF Bz turned southward on 15th June and marked the time of commencement of
the storm at 12:00 UT as indicated by a red vertical dotted line at its minimum peak
value. The Kp index again rose past a value of 3 on 14th June. It remained above
this threshold until 17th June indicating enhanced geomagnetic storm days. The Dst
index reached a minimum value of -149 nT during this period, categorizing the event as a
severe geomagnetic storm. The bottom panel displays the average amplitude scintillation

recorded at the SCINDA station in Makerere. Weak scintillation activity was observed
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on the night of 15th June while diminishing towards the night of 16th to eventually show

no scintillation on 17th. These events took place during the recovery phase of the storm.

Case study 3.
Figure 4.13 presents case study 3 condition of no or very weak scintillation occurrence

during geomagnetic storm period.
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Figure 4.13: Case Study 3: Storm-scintillation relationship for 21st-25th June 2015 and
10th-14th April 2014 geomagnetic storms

Figure 4.13(a) illustrates the effects of a severe geomagnetic storm that occurred
between 21st and 25th June 2015. The top panel shows that the IMF Bz component
fluctuated between northward and southward directions before undergoing a prolonged
southward excursion, reaching a minimum value of -22 nT at 03:00 UT on 23rd June
indicating the time of commencement of the storm. This southward orientation persisted
for several hours before turning northward at approximately 03:25 UT, marked by a
red vertical dotted line. Correspondingly, the Kp index rose to a maximum value of 8,
indicating a storm disturbed day. The second-last panel displays the Dst index, which
recorded a significant negative peak of -200 nT at 05:00 UT, confirming the severity of
the storm. Despite the intense geomagnetic conditions and extended recovery phase, no
GPS amplitude scintillation events were observed during the storm period, as shown in

the bottom panel, which presents average S4 from 21st to 25th June 2015.

Figure 4.13(b) presents the effects of a moderate geomagnetic storm that took place
between 10th and 14th April 2014. This storm was initiated by a southward turning of
the IMF Bz, which reached a minimum of -9 nT at 06:00 UT on 11th April. This epoch
marked the time of commencement of the the storm as indicated in the top panel by a
red vertical dotted line. A Kp curve above 3 was recorded on the same day, signifying
a storm-disturbed condition. The second-last panel shows that the Dst index dropped

to a minimum of -98 nT on 12th April, consistent with a moderate storm classification.
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The bottom panel illustrates the amplitude scintillation activity recorded over the same
period. Scintillation events were observed during the nights of 10th and 11th April,
while no scintillation was recorded on the following two storm days. However, very weak

scintillations reappeared during the third day of the recovery phase.

A broader analysis of geomagnetic storms and their associated effects was conducted
by categorizing storm events into three case types (Cases 1, 2, and 3) based on their
severity and impact. The study identified 18 geomagnetic storms that occurred between
2011 and 2016, a period during which SCINDA data were consistently available from the
Mbarara and Makerere ground stations. These events were systematically summarized
in Table 4.1, providing detailed insights into the corresponding geomagnetic indices and

GPS scintillation responses.

Table 4.1: Summary of geomagnetic storms events and corresponding scintillation
observations

No Onset date Bow-shock time (UT) Min Dst (nT) Station Scintillation status
1 24th Oct 2011 00:00 -180 MBA  Strong scintillation
2 12th Apr 2012 19:00 -60 MBA  Strong scintillation
3 12th Mar 2012 20:00 -75 MBA  Strong scintillation
4  6th Mar 2013 22:00 -80 MAK  Strong scintillation
5 23rd Apr 2016 19:00 -125 MBA  Strong scintillation
6 13th May 2015 18:00 -80 MBA  Strong scintillation
7 27th Mar 2012 23:00 -70 MBA  Strong scintillation
8 6th Aug 2012 15:00 -55 MAK  Strong scintillation
9 6th Apr 2011 14:00 -60 MAK  Weak scintillation
10 9th Jul 2012 13:00 =72 MBA  Weak scintillation
11 15th Jun 2014 13:00 -78 MAK  Weak scintillation
12 3rd Jul 2012 13:00 -80 MAK  Weak scintillation
13 12th Jun 2014 14:00 -70 MBA  Weak scintillation
14 15th Jul 2012 12:00 -145 MAK  Weak scintillation
15 12th Apr 2014 06:00 -90 MAK  No scintillation
16 22nd Jun 2015 03:00 -80 MBA  No scintillation
17 13th Jun 2015 03:00 -200 MBA  No scintillation
18 11th May 2015 07:00 -65 MAK  No scintillation
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The Table 4.1 presents a dataset of 18 geomagnetic storm events, detailing each event’s
onset date, bow shock time (UT), minimum Dst index (nT'), station of observation and
the associated scintillation status. The Dst index, shows that most storms indicated in
this table fall within the moderate to severe range, with Dst values ranging between -55
and -200 nT. Over eight strong scintillation events were observed. Their corresponding
bow shock time fell between 15:00 UT and 00:00 UT thus categorised under storm case
1. Over seven scintillation events were weak. These events were categorised under storm
case 2 since their corresponding bow shock time fell between 12:00 UT and 15:00 UT.
For the period of when the bow shock time fell between 00:00 UT and 12:00 UT no
scintillation event was observed as indicated in the table. This was classified under storm
case 3. These storm cases observed provide a compelling insight into how the bow shock
time plays a decisive role in the presence or absence of ionospheric scintillation regardless

of the intensity of the geomagnetic storms.

The timing of geomagnetic storm onset, specifically the bow shock arrival, plays a
critical role in modulating ionospheric responses and subsequent scintillation activity
over the East African low-latitude region. During the early morning to daytime period
(00:00-12:00 UT, corresponding to 03:00-15:00 LT), the ionosphere experiences elevated
background ionization due to intense solar EUV radiation. This high ionospheric con-
ductivity effectively dissipates PPEFs introduced by geomagnetic disturbances, thereby
weakening the vertical ExB drifts (Fejer et al., 2008a). As a result, the PRE, a key driver
of plasma bubble formation, becomes significantly diminished. The insufficient uplift
of the F-layer suppresses the growth of the RTI, preventing the development of plasma
density irregularities and leading to minimal or no scintillation activity, as observed in
storm case 3. In contrast, the 12:00-15:00 UT window (15:00-18:00 LT) represents a
transitional phase from afternoon to pre-sunset, where solar ionization begins to fade.
When the bow shock occurs during this interval, PPEFs can still enhance eastward
electric fields, although moderately, lifting the F-layer and initiating weak RTI. This
results in the formation of small-scale irregularities and weak plasma bubbles that produce
moderate scintillation events (Kelley, 2009b). The most pronounced effects, however,
occur during the post-sunset to late night period (15:00-00:00 UT, or 18:00-03:00 LT),
when ionospheric conductivity rapidly declines due to recombination. A bow shock
striking within this window allows PPEFs to penetrate efficiently, leading to a strong
PRE and abrupt F-layer uplift. The steep resulting density gradients greatly enhance
RTI, promoting the growth of large-scale plasma bubbles that scatter GNSS signals and
trigger intense scintillation events (Tsurutani et al., 2004). These observations highlight
that the orientation and duration of the interplanetary magnetic field’s southward Bz
component, particularly when coupled with favorable local time conditions, serve as

dominant drivers of ionospheric irregularities (Fejer et al., 1999). While other storm
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parameters are relevant, sustained southward IMF Bz remains the most critical factor
in determining whether scintillation-inducing irregularities form. Therefore, real-time
monitoring of IMF Bz and storm onset timing could significantly enhance the forecasting
of ionospheric scintillation, especially over the lower latitude regions like East Africa

where these effects are most pronounced.
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Chapter 5

Conclusions and Recommendations

This chapter gives a brief summary of the major findings presented in this thesis, the

recommendations to help in improving the findings and the future works.

5.1 Conclusions

In this study, scintillation data and Geomagnetic storm data were used to investigate the
impact of geomagnetic storm onset time on GNSS reliability. The geomagnetic storms

were classified and matched with the corresponding scintillation events.

The statistics indicated that there was a total of 1,082 geomagnetic storms storms in
the period between 2011 and 2016. Out of this number of storms, 822 were weak, 231
were moderate and 29 were severe. A deeper insight into the source of these storms
highlighted that CIR-driven storms were more frequent than the CME driven storms. A
number of geomagnetic storms and their effects were investigated and grouped according

to their precise time of commencement (bow shock time).

The analysis of SCINDA data from the Mbarara and Makerere stations revealed that
ionospheric scintillation events predominantly occur during quiet ionospheric conditions
with background noise levels (S4 < 0.2), though Mbarara exhibited slightly stronger early
morning scintillation activity. The diurnal variation demonstrated significant post-sunset
scintillation enhancement, linked to equatorial plasma instabilities such as equatorial
plasma bubbles driven by pre-reversal enhancement (PRE) electric fields. Annual statis-
tics showed that weak scintillations dominated, accounting for over 80% of occurrences,
while moderate and strong scintillations were infrequent. These patterns reflect generally
stable but dynamically evolving ionospheric behavior in East Africa’s low-latitude region,
with implications for GNSS reliability, especially during periods of heightened solar and
geomagnetic activity. Consistent monitoring is essential to understand these variations

and their impact on satellite-based navigation and communication systems.

The investigation revealed that about only 18 geomagnetic storms occurred in the period
when SCINDA data were readily available at the stations in Mbarara and Makerere for
the period of study. The occurrence of ionospheric scintillation during geomagnetic storm
events was more strongly linked and influenced by the time of occurrence of the bow shock
(UT) instead of its intensity as measured by the Dst index. Strong scintillation events
consistently occurred when the bow shock fell between 15:00 UT and 00:00 UT a period

48



corresponding to evening hours and post midnight in the low-latitude regions. Weak
scintillation events were observed when the time of commencement (bow shock time) laid
in a narrower time window between 12:00 UT and 15:00 UT. This time corresponded to
the late afternoon and pre-sunset of the lower latitude region. In contrast, no scintillation
event was recorded when bow shock occurred between 00:00 UT and 12:00 UT, even
during intense geomagnetic storms. These patterns indicated that diurnal variations in
ionospheric conditions play a dominant role in scintillation behavior. The occurrence of
geomagnetic storms is a secondary factor that modulates and influence the ionospheric

irregularities which solely cause scintillation events.

5.2 Limitations of the Study

This study is limited by data gaps in the available scintillation measurements, which may
affect the continuity and completeness of the analysis. Additionally, daytime scintillation
events were not accounted for, although their impact is generally minor compared to
nighttime occurrences. These limitations should be considered when interpreting the
results, and efforts to include more continuous and comprehensive datasets in future

work are recommended.

5.2.1 Research Recommendations

Future work should focus on developing early warning systems and predictive models that
link geomagnetic storm onset timing with scintillation events to anticipate GPS signal
degradation and improve navigation resilience. Integrating real-time monitoring of key
solar wind parameters like IMF Bz into GNSS services would enhance forecast accuracy.
Expanding the study to include regional multi-station observations beyond Mbarara and
Makerere will validate findings across the equatorial belt. Employing machine learning
and statistical approaches to combine storm indices with bow shock epoch timing is
recommended for improved forecasting capabilities. This study should be extended to
cover Solar Cycle 25 to capture current and upcoming space weather dynamics. Including
phase scintillation (0¢) alongside amplitude scintillation (S4) measurements will provide

a more comprehensive understanding of ionospheric disturbances.
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