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Abstract

Ionospheric Total Electron Content (TEC) is the most important parameter of ionosphere which

varies with spatially and temporally such as longitudinal, latitudinal, altitudinal, solar and geo-

magnetic activities. In this thesis, we have analysed the spatio - temporal variation of ionospheric

Total Electron Content (TEC) data obtained from the GPS-TEC over the low latitudinal East

Africa regions for the period of 2016. Our result showed that the diurnal variation of vTEC val-

ues were maximum during the daytime occurred from 10:00 UT to 15:00 UT while its peak values

occurred around 12:00 UT and minimum during pre-dawn and after sunset for all stations. The

day to day variation is also signi�cant at all stations, particularly its maximum values of vTEC

were occurred during day time and minimum during night time. The seasonal variation of iono-

spheric vTEC maximum during the Equinox months followed by the winter months (December

solstice) and minimum during the summer months (June solstice). The variation of vTEC during

geomagnetic storm of the May 2016 has also been investigated. Geomagnetic storm doesn’t only

affect the magnitude of vTEC but it affect the pattern of vTEC.

xii



CHAPTER 1

INTRODUCTION

1.1 Background of the Study

Earth’s upper atmosphere plays an important role in ground-based and satellite radio communi-

cation and navigation. Above 80 km altitude the atmosphere contains ionized molecules and free

electrons in a region called the thermosphere. Within the thermosphere the amount of ionized

gas becomes appreciable and forms a region called the ionosphere (Moldwin, 2008).

The ionosphere is a partially ionized region of the Earth’s upper atmosphere. It comprises suf-

�cient number of free electrons and positive ions that is electrically neutral and which extends

from 50-1000 kms above the Earth’s surface (Hunsucker and Hargreaves , 1995). It has a great

in�uence on the satellite navigation and the radio wave communication systems which causes

delay of electromagnetic signals passing through it being a dispersive medium (Davies, 1990;

Garner et al., 2008). The main sources of ionization are the solar radiations, such as extreme

ultra violet (EUV) and X-ray radiations. Once the plasma is produced by these processes, it

undergoes chemical reactions with neutrals, diffuses due to the gravitational force and plasma

pressure gradients, and is transported via neutral winds and electric �elds under the in�uence of

the Earth’s magnetic �eld (Kelley, 1989). The ionization process is mainly due to solar photons
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interacting with the atoms and molecules in the ionosphere, which results in the electron being

stripped away from the parent atoms and molecules, and creating a number of free negatively

charged electrons and positively charged ions. The ionosphere can be the largest source of error

in GPS (Global Positioning System) positioning and navigation. The signal from the GPS satel-

lites travels through the ionosphere region on their way to receivers on the surface of the Earth,

the number of negatively free electron on this region of the atmosphere affects the propagation

of the signals by changing their velocity and direction of motion. The propagation speed of the

GPS electromagnetic signals in the ionosphere depends on its electron density.

The ionospheric TEC is the most important ionospheric parameter. It is the integral of electron

number density along the line of sight path from the satellite to the receiver which can be mea-

sured by GPS receiver networks. The TEC values at the polar station are very small in comparing

with the equatorial station. The solar radiation hits Earth’s atmosphere directly over the equatorial

station. As the solar radiation hits directly into Earth’s atmosphere, more charged particles being

emitted that causes stronger ionization processes in ionosphere. Stronger ionization processes

leads to higher amount of TEC. The variation of the ionospheric TEC is caused by many factors,

such as position, time of day, time of the year, and level of solar activity ( Galav et al., 2010;

Kumar and Singh , 2009). In particular the ionospheric electron density pro�les are strongly

affected by solar activity (Klobuchar , 1996; Hamzah and Homam , 2015; Negasa et al., 2015).

The solar cycle is the nearly periodic 11-year change in the Sun’s activity (including changes in

the levels of solar radiation) and appearance (changes in the number and size of sunspots). It is

also characterized by an increase in the number of solar �ares, corona holes and coronal mass
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ejection. Huge explosions of magnetic �eld and plasma from the Sun’s corona that is blown

away from the sun often during strong, long duration solar �ares and �lament eruptions, known

as coronal mass ejections (CMEs). CMEs are the most dangerous and destructive Space Weather

events. When the Sun produces CMEs that travel to the Earth they can carry magnetic �eld of

opposite polarity to that of the Earth. CMEs that enter the Earth’s magnetic �eld may cause geo-

magnetic storms which usually occur in conjunction with ionospheric storms. CMEs are a result

of solar wind comes from active parts of the sun. It is a consequence of the geomagnetic storm.

A geomagnetic storm is a temporary disturbance of the Earth’s magnetosphere associated with

solar coronal mass ejections, coronal holes, or solar �ares. The frequency of geomagnetic storms

increases and decreases with the sunspot cycle (Moldwin, 2008). During strong geomagnetic

activity, a large amount of energy is deposited into the high latitude ionosphere. This implies that

an enhancement of electric �eld and currents together at high latitude (Richa et al. , 2011).

Throughout the 11-year sun cycle, sunspots are highly variable in which generally divided into

two, namely, solar minimum and solar maximum. A regular period of greatest Sun activity dur-

ing the 11-year solar cycle is known as Solar maximum. During maximum solar activity, large

numbers of sunspots appear and an enhanced solar activity release high energy (Sun’s atmo-

sphere emits large amounts of X-rays) which can greatly affect the Earth’s global climate. Solar

minimum is the period of least solar activity in the 11 year solar cycle of the sun. During this

time, solar �are almost non exist (there is little X-ray emission) and EUV radiation also low and

number of sunspot are diminishes, and often does not occur for days at a time.
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1.2 Statement of the problem

The electron density of the ionosphere changes with the number and dispersion of free electrons

released when gas molecules are ionized by the sun’s ultraviolet radiation. Many researchers

have been studied the variation of TEC using GPS signals at low and Equatorial latitudes over

the Africa sector during both low solar activity and high solar activity. For example the vari-

ation of TEC and the performance of IRI - 2012(International Reference Ionosphere) from the

African sector at Equatorial latitude during low solar activity studied by Olawepo et al. (2017).

Their results revealed that the values of TEC are maximum around 1200 LT (Local Time) - 1500

LT and minimum during the sunrise hour of 0600 LT and the seasonal variability of TEC are

observed maximum during the equinoxes than those of the solstices. Oron et al. (2013) stud-

ied that the ionospheric variation of TEC data taken from the Uganda Equatorial GPS-SCINDA

(GPS-Scintillation Network and Decision Aid) network during the ascending solar phase for the

years 2010 and 2011. They also reported the diurnal variability of TEC in the Equatorial region

shows its maximum afternoon and minimum during morning and the seasonal variability of TEC

have shown maximum during Equinox month and minimum during solstice. The pattern of GPS-

TEC variability during both high (2012-2013) and low (2008 - 2009) solar activity phase and the

comparison of IRI - 2012 TEC with GPS - TEC during the period of 2012 - 2013 presented by

Yekoye (2015). He also presented the diurnal variability of VTEC has showed minimum values

at around 0300 UT (Universal Time) (0600 LT) and maximum values nearly between 1000 and

1300 UT (1300 and 1600 LT) during both the low and the high activity while the seasonal vari-

ability of VTEC values has observed maxima and minima in March equinox and June solstice,
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respectively during both high and low solar activity. Spatio-temporal characteristics of the Equa-

torial Ionization Anomaly (EIA) in the East African region via ionospheric tomography during

the year 2012 investigated by Kassa et al. (2015). They found that the magnitude of the peak and

the width/thickness of the EIA pronounced during the equinox and weakened during the solstice

seasons at 2100 LT. It is also observed that the EIA persisted for longer time in equinox season

than the solstice season. But they have concentrated on the variability of vTEC in terms of daily,

hourly and seasonal variation of vTEC and the low latitudinal and equatorial region is very com-

plex and dynamic environment. However, the aim of this study is to analyse the temporal and

spatial variability of ionospheric TEC using GPS network during high solar activity over the East

Africa sector in the recent year 2016.

1.3 Objectives

� To analyse the temporal and spatial variation of ionospheric TEC data from the East African

low latitudinal regions of GPS network of receivers during maximum solar activity

1.4 Signi�cance of the study

The ionosphere plays a great role in broadcasting, ship and air-craft communication and nav-

igation by re�ecting the radio signals back to the receivers. TEC is also the most important

parameter of the ionosphere. Understanding the variability of TEC is essential for the operation

of many applications including satellite navigation and communication system. Therefore, the
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main importance of this study is to address the spatial and temporal variability of ionospheric

TEC during high solar activity period.

1.5 Thesis overview

The overview of this thesis is structured as follows. Chapter 1 covers introduction on background

of the study, statement of the problem, objective and signi�cance of the study. Chapter 2 describes

the basic understanding of the sun, lower and upper Earth’s atmosphere. Chapter 3 covers data

and methodologies of the study. Chapter 4 describes result and discussion and chapter 5 presents

conclusion and recommendation of the study.
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CHAPTER 2

The Sun and Neutral atmosphere

2.1 The Sun

Sun is the bright ball of a gaseous at the center of the solar atmosphere, like star and with an

effective temperature of about 5800 K and it rotates with a period that increases with latitude

from 25 days at the equator to 36 days at poles. Its diameter is about 1.39 million kilometers i.e.

109 times that of Earth, and its mass is 1:989 � 1030 kilograms, ( about 330,000 times that of

Earth), which accounts for about 99.86% of the total mass of the Solar System. Due to its mass

sun is composed of approximately 73% H, 25% He and 2% other trace elements. Sun is the most

important source of energy that generated in the core due to thermonuclear reaction and transfers

outward by radiation. Because of the high densities, the radiation is absorbed and re-emitted

many times on its outward journey. The Sun emits radio waves, X-rays, and energetic particles

in addition to visible light. The total solar luminosity is 3:83 � 1033 eng/s (Adolph, , 1985).

2.1.1 Sun’s interior

Based on the propagation of energy mechanisms, the sun interior is divided into three main

regions: the convection zone, the radiation zone, and the core.
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Convection zone

At the distance of about 0.72 R the solar gas becomes opaque to the photons and the energy

transport toward the surface is called Convection. It is the process that transports heat through

bulk �uid motion. Energy from the outer layer of the Sun is transported by convection to the solar

surface where it can radiate out into space. In this region, the solar plasma is not dense enough

to transfer the heat energy of the interior outward via radiation.

Radiative zone

The energy generated at the core which is mostly in the form of high-frequency X-rays and

Gamma rays �ows out into the next spherical layer which is called the radiative layer. The

radiative zone extends outward from the outer edge of the core to the interface layer at the base of

the convection zone (from 25 of the distance to the surface to 70 of that distance). The radiative

zone is characterized by the method of energy transport - radiation. The energy generated in the

core is carried by light (photons) that bounces from particle to particle through the radiative zone.

Although the photons travel at the speed of light, they bounce so many times through this dense

material that an individual photon takes about a million years to �nally reach the interface layer.

core

The sun’s core is the central region of the sun in which thermonuclear reaction occur and it has

high temperature and high density. It has one half of solar mass and one fourth of the solar radius.

Virtually all of the sun’s energy output is generated in the core.
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Figure 2.1: Layer and atmosphere of the sun (adapted from https://www.google.com)

2.1.2 The Sun atmosphere

The sun’s atmosphere is the region of the sun that can observed from the outside and from which

solar energy is radiated into space in the form of kinetic energy of particle, solar wind and solar

cosmic rays. It is composed of different layers, namely photosphere, chromosphere, transition

zone and corona due to their temperature and densities. Although, there are no boundaries be-

tween the layers of the Sun.

2.1.2.1 Photosphere

In the top of the convection zone, in so called the photosphere which extends to about 500 - 600

km thick. It is the visible surface of the sun. In this region the temperature decreases from 7500

9
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K to 4500 K as well as density also decreases. It is composed of convection cells called gran-

ules, and its radiation spectrum is similar to that of a blackbody at 5777 K. Granulation is direct

evidence of solar convection. It is the place where sunspot is found. Sunspots are temporary

phenomena on the photosphere of the Sun that appear as dark spots compared to surrounding re-

gions because they are slightly cooler. They are areas of reduced surface temperature caused by

concentrations of magnetic �eld �ux that inhibit convection. It is formed due to the twisted mag-

netic �eld lines are hidden below the visible surface. This �eld lines exerts enormous magnetic

pressure on surrounding plasma. As the magnetic pressure being to exceed the plasma pressure,

the �elds penetrate the surface and appear a bipolar loops. These points of opposite polarity are

several thousand degrees cooler than their surroundings and appear as dark spots on the photo-

sphere. Their number varies to approximately 11-year solar cycle. Over the solar cycle, sunspot

populations rise quickly and then fall more slowly. The point of highest sunspot activity during

a cycle is known as solar maximum, and the point of lowest activity as solar minimum. This

period is also observed in most other solar activity and is linked to a variation in the solar mag-

netic �eld that changes polarity with this period (Goodman, 2005). Indicating intense magnetic

activity, sunspots accompany secondary phenomena such as coronal loops, prominences, and re-

connection events. Most solar �ares and coronal mass ejections originate in magnetically active

regions around visible sunspot groupings. Similar phenomena indirectly observed on stars other

than the Sun are commonly called starspots, and both light and dark spots have been measured.

Sunspots have two parts: the central umbra, which is the darkest part, where the magnetic �eld

is approximately vertical (normal to the Sun’s surface) and the surrounding penumbra, which is
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lighter, where the magnetic �eld is more inclined. The Sun’s visible surface is highly mottled,

with dark and light regions called granules. Granulation is direct evidence of solar convection.

Bright areas show a Doppler blue shift indicating upward motion. Dark areas show a red shift

indicating motion down into the solar interior.

2.1.2.2 Chromosphere

The region just above the photosphere is called the Chromosphere which is transparent to the

visible part of spectrum without strong absorption line and is slightly cooler at its base. It is

called chromo because of its color, which can only be seen when the much brighter light from

the photosphere is eliminated. When a solar eclipse occurs, the red chromosphere is seen brie�y

just before and after the period of total eclipse. When viewed in white light, the chromosphere

is transparent to the brilliant light emitted underneath it by the photosphere (Brekke, 1997). But

when viewed only in the red light produced by hydrogen, the chromosphere is seen to be alive

with many distinctive features, including long dark �laments and bright areas known as plage

that surround sunspot regions. The chromosphere is also characterized by cellular convection

patterns, but these cells are much larger than the granules of the photosphere. Near the bound-

aries of these cells are concentrated magnetic �elds that produce vertical jets of material called

spicules. In the chromosphere the temperature is minimum at the top of the photosphere and

increases slowly and reaches 9000K at a distance 2000km from the surface of the sun and the

density is decrease dramatically. Above the chromosphere is a transition region. In this region
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the temperature increases tremendously and reaches a value of 4 � 105 K at 2,500 km above the

base of the photosphere.

2.1.2.3 Corona

Outside the transition region the surface of the sun is called corona. It is the hottest part of the

solar atmosphere. In this region the temperature is fairly uniform and closed to 106K and the

solar atmosphere is fully ionized and it is affected by the solar magnetic �eld. The conoral’s low

density accounts for its low luminosity and it is only visible when the bight disk of the sun is

occulted during an eclipse by a coronagraph. The solar magnetic �eld lines extending deep into

interplanetary space allow the coronal plasma to escape and these low density coronal area are

called coronal holes. It is the main source of high speed solar streams.

Solar �are

Solar �are are strong �ashes of x-rays and light energy that shoot off of the sun’s surface in to

space at the speed of light. The x-rays from �ares are stopped by our atmosphere well above the

Earth’s surface. They do disturb the Earth’s ionosphere, however, which in turn disturbs some

radio communications.

Coronal Mass Ejections (CMEs)

Coronal mass ejections are the massive clouds of gas and magnetic matter that are eruptions

spreading into space. They often follow solar �ares and are normally present during a solar

prominence eruption. CMEs most often originate from active regions on the Sun’s surface, such

as groupings of sunspots associated with frequent �ares. Near solar maxima, the Sun produces
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Figure 2.2: Temperature and density pro�les in the solar atmosphere (adapted from Brekke

(1997))

about three CMEs every day, whereas near solar minima, there is about one CME every �ve days.

Coronal mass ejections are associated with enormous changes and disturbances in the coronal

magnetic �eld. They are usually observed with a white-light coronagraph. When the ejection

is directed towards Earth and reaches it as an interplanetary CME (ICME), the shock wave of

traveling mass causes a geomagnetic storm that may disrupt Earth’s magnetosphere, compress-

ing it on the day side. When the magnetosphere reconnects on the night side, it releases power

on the order of tera watt scale, which is directed back toward Earth’s upper atmosphere. Coronal

mass ejections, along with solar �ares of other origin, can disrupt radio transmissions and cause

damage to satellites and electrical transmission line facilities,

Solar wind
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The Sun continuously emits two main types of energy into space electromagnetic (EM) radi-

ation and corpuscular radiation. Visible light, radio waves, microwaves, infrared, ultraviolet,

X-rays, and gamma rays are forms of EM radiation. The Sun also continuously emits corpus-

cular (minute particle) radiation, charged atoms and sub-atomic particles (mostly protons and

electrons) in what is called the solar wind. It produces by the temperature difference between the

sun’s upper atmosphere and the interplanetary space. The solar wind, which expands out into the

Solar System carrying with it the Sun’s magnetic �eld, carves out a region of interstellar space

called the Interplanetary Magnetic Field (IMF) or heliosphere. The solar wind plasma interacts

with the Earth’s intrinsic magnetic �eld and the resulting interaction is important consequence

on space systems operating in the near Earth environment. The only visible manifestaion of the

interaction is Aurora, which frequently lights up the sky at polar latitudes (both north and south).

It varies with the activity of the sun (Moldwin, 2008).

2.2 Earth’s Atmosphere

2.2.1 Composition of Earth’s atmosphere

The atmosphere of the Earth is the gaseous envelope that covers the earth’s surface commonly

known as air, which surrounds the planet Earth and is retained by Earth’s gravity. It protects life

on Earth by creating pressure allowing for liquid water exist on the Earth’s surface, absorbing

ultraviolet solar radiation, warming the surface through heat retention (greenhouse effect), and

reducing temperature extremes between day and night (the diurnal temperature variation). It is
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composed of about 78% nitrogen, 21% oxygen and 0.93% argon. The remainder, less than 0.1%

contains such trace gases as water vapor, carbon dioxide, and ozone. All these trace gases have

important effects on Earth’s climate (Kshudiram , 2008).

2.2.2 Structure of Earth’s atmosphere

The atmospheric layers of the Earth are characterized by variations in temperature produced by

differences in the radiative and chemical composition of the atmosphere at different height. With

increasing distance from Earth’s surface the chemical composition of air becomes progressively

more dependent on altitude and the atmosphere becomes enriched with lighter gases. Based on

the temperature change with altitude, the Earth’s atmosphere is divided into mainly four concen-

tric spherical strata by narrow transition zones. The four concentric layers of the atmosphere are

namely, troposphere, stratosphere, mesosphere and thermosphere. The vertical distribution of

temperature in the Earth’s atmosphere is as shown in the following.

Troposphere

Troposphere is the lowest layer of the atmosphere and is closest to the Earth’s surface, and ex-

tends about 8 km above the poles and 18 km over the equator. It contains over 80 of the atmo-

spheric mass and nearly all the water vapor in the atmosphere. The temperature in the troposphere

decreases quite monotonically due to the fact that infrared radiation from the ground, which ab-

sorbed in the atmosphere and as a result of the decreasing pressure. If a parcel of air moves

upwards it expands (because of the lower pressure). When air expands it cools. So air higher up

is cooler than air lower down. Water vapor has a major role in regulating air temperature because

15



Figure 2.3: Thermal structure of the Earth’s atmosphere (Source: https//:www. google.com)

it absorbs solar energy and thermal radiation from the planet’s surface. Troposphere means re-

gion of turning or mixing, and is so named because of vigorous convective air currents with in

the layer. The upper limit of the troposphere is called tropopause. The Tropopause is a thin band

located at the top of the troposphere that separates the troposphere from the stratosphere. The

temperature remains fairly constant here typically approach -50oc. This is called also transition

zone.

Stratosphere

The stratosphere is the second layer of the atmosphere that extends above tropopause up to 50

km. It contains much of the ozone in the atmosphere. The increase in temperature with height

occurs because of absorption of ultraviolet (UV) radiation from the sun by this ozone. As water

vapor content within the stratosphere is very low, ozone plays the major role in regulating the
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thermal regime of this layer. Based on the ozone layer situated between 5 and 40 km above the

ground depending on latitude which absorbs high energy radiation from the sun between 200 and

300 nm, the atmosphere becomes heated in the stratosphere and the temperature increases. The

air temperature in the stratosphere increase dramatically to around 273 K at the stratopause. The

stratospheric layer is bounded at the top by stratopause.

Mesosphere

It is a layer of the atmosphere that extend from 50 to 80 km and characterized by decrease in

temperature with increasing altitude. Because of the concentrations of ozone and water vapor

in the mesosphere are negligible as compared with lower regions, hence the lower temperatures.

The region is considered to be the coldest of Earth atmosphere reaching a minimum of 180 K at

80 km altitude. The chemical compositions are fairly uniform and pressures are very low. The

layer is bounded at the top by the mesopause.

Thermosphere

It is the fourth layer of the atmosphere that extends from the mesopause at an altitude of about

80 km up to the thermopause. The temperature increase is due to the absorption of intense solar

radiation by the limited amount of molecular oxygen present. In the thermosphere, the atmo-

sphere is so thin that free electrons can exist for short periods of time before they are captured by

a nearby positive ion. The number of these free electrons is suf�cient to affect radio propagation.

This portion of the atmosphere is partially ionizedand contains a plasma which is referred to as

the ionosphere (Moldwin, 2008).
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2.3 Earth’s ionosphere

2.3.1 Formation of ionosphere

Ionosphere is the ionized portion of the upper atmosphere, is an important component of the

near-earth space environment. It is a very dynamic environment, and the electron density may

signi�cantly vary in time at the given location, which leads to temporal and spatial variations in

the Total Electron Content. Because of the solar spectrum deposits its energy at various height

depending on the absorption characterics of the atmosphere, the recombination depending on the

atmospheric density (changes with height) and the composition of the atmosphere changes with

height (Tascione, 1988). The formation of the ionosphere depends on the activities of the Sun

because the main source of ionization and energy for the ionosphere is solar radiation such as

extreme ultraviolet (EUV) light and X-ray radiation coming from the Sun. This radiation comes

from the sun interacts with neutral atoms giving rise to a number of free negatively charged

electrons and positively charged ions is called photoionization process. Because of this process,

the ionosphere consists of free electrons and ions. Additionally, the other source of ionization in

the ionosphere is impact ionization (energetic particles). In this process the irregularity is formed

and have a strong perturbation in radio wave propagation and problems for communications and

navigation systems. It formed along the magnetic �eld lines in the polar region (high latitude).

But, in this study we are not concern about the irregularity of ionosphere. Figure 2.5 shows the

different ions formed due to ionization of the neutral atoms or molecules at different heights with

in the ionosphere.
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Figure 2.4: Formation of the Earth’s ionosphere (Source: Nigussie, 2013).

2.3.2 Ionospheric Layers

Based on the height pro�le and electron concentration, ionosphere is categorized into four layers,

namely, D, E, F1 and F2 layers (Hanslmeier, 2007).

2.3.2.1 D layer

It is the lowest region of the ionosphere, which extends from approximately 60-90 km. The pri-

mary source of ionization in this layer is cosmic radiation which is the same by day and by night

manifesting itself in a strong solar cycle variation in the D layer electron density. By night, the

electrons become attached to atoms and molecules forming negative ions that cause the D layer

to diminish in size. The uppermost D layer above 80 km is mainly dominated by NO+ and O+
2

ions. The D region electron densities are typically around 108 � 109el=m3 depending on height.

They are subject to typical diurnal, seasonal, and solar-cycle variations. Due to high rate of re-
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Figure 2.5: Ionospheric ion density pro�le for the daytime mid-latitude ionosphere showing the

layered structure ((Banks et al., 1976)).

combination, in this regions low net ionization occurs. The D region is important with regard to

high-frequency (HF) radio communication because it absorbs radio waves, which causes degra-

dation of long-distance HF communication.

2.3.2.2 E Layer

The E layer is the middle layer, which extends about 90 km to 150 km above the surface of the

Earth. Ionization is formed by both low energy (or soft) X-rays and UV solar radiation ioniza-

tion in the range 100 - 150 nm range. The E region is dominated mainly by ionized molecular

oxygen (O+
2 ) and NO+. The vertical structure of the E layer is primarily determined by the
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competing effects of ionization and recombination. At night the E layer weakens because the

primary source of ionization is no longer present. After sunset an increase in the height of the

E layer maximum increases the range to which radio waves can travel by re�ection from the layer.

2.3.2.3 F Layer

The F region is a major segment of the terrestrial ionosphere and the most important from the

point of view of radio communications and navigation systems. It lies between 150 and 600

km in altitude, occasionally with altitudes extending to the upper limits of the ionosphere. The

electron density is highest in the upper, or F region. The F region exists during both daytime and

nighttime. During the day it is ionized by solar radiation, during the night by cosmic rays. The

F layer divides into two layers during the day because of the enhanced photo-ionization at high

altitudes.

F1 layers

The F1 layer of the ionosphere lies at an altitude of approximately 150-210 km above the Earth’s

surface. The ionized component of the F1 layer consist mostly of NO+ and O+
2 and the main

source of ionization is extreme ultraviolet (EUV) solar radiation. The height of F1 varies with

solar activity, season, and geomagnetic activity. It exhibits dependence on solar zenith angle �

and sunspot number. The F1 layer maximum electron density reaching about 2 � 1011el=m3

F2 layer

The F2-layer is the most important ionospheric layer from the point of view of HF propagation.
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In the F2 layer the dominant charge carriers are O+ ions. The main source ionization in the F

region is the process of photo-ionization by EUV radiation in the wavelength range from 5 to

102.7 nm. The F2 layer has a maximum electron density between 1010 and 8 � 1012el=m�3.

Because the F2 layer is a non Chapman layer, there is no solar zenith angle dependence of the

diurnal and latitudinal variations in electron density. However, the Sun does affect the electron

density of the F2 layers causing a rapid increase after sunrise, with maximum values occurring

at any time during the day. There is also a decrease in the F2 layer ionization at night, but not

as much as the E and D layer ionization. Because, at this higher altitude recombination rates are

lower and the layer consists of atomic oxygen rather than the molecular ions that dominate in the

D and E regions. This difference in ion behavior is due to the fact that molecular ions have a

much higher recombination rate with electrons than do atomic ions (kelley , 2009).

2.3.3 Ionospheric variability

2.3.3.1 Diurnal variation

TEC is highly variable both temporally and spatially. The dominant variability is diurnal fol-

lowing the variation in incident solar radiation because electronic density is related to the solar

radiant energy absorbed by the atmosphere and the solar radiant energy is relevant to local time.

The absolute value of TEC is maximum during noontime. Higher values of TEC during daytime

can be attributed to the increased rate of ionization production due to increased solar radiation

intensities coupled with the upward lifting of ionosphere by vertical E�B drift to higher altitude
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Figure 2.6: Vertical structure of Earth’s ionosphere (Source Hargreaves, 1992).

where chemical losses are minimal and also in nighttime the value of TEC is minimum due to the

absence of solar radiation, free electron and ions tends to recombine together (Rama Rao et al.,

2006; Oron et al., 2013).

2.3.3.2 Seasonal variation

The ionosphere exhibits strong seasonal and solar-cycle variations because the main source of

ionization and energy for the ionosphere is photo-ionization. Therefore, whenever either the so-

lar zenith angle or the solar radiations �ux change, the ionosphere dynamics may re�ect these

changes. The ionosphere’s seasonal variations is related to solar zenith angle change, while its
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solar cycle variation is related to a change in solar EUV and X-ray radiation �uxes. The max-

imum TEC variability has been found in Equinoxes as compared to the solstices. Because of

during equinoxes when the subsolar point is on the equator, meaning that the Sun is exactly over-

head at a point on the equator that there is high photo-ionization which produce more electron.

Also, during solstices low photo-ionization occur at the equator because the subsolar point moves

higher latitudes( Adeniyi , 2008; Adewale et al. , 2011)

2.3.3.3 Latitudinal variation

The ionosphere is a function of latitude and the latitudinal response to the variations also de-

pends on the time of the day. At latitude about 20 degrees either side of the geomagnetic equator,

high TEC values are produced by a so called fountain effect. The effect is caused by E � B

drifting electrons interacting with the Earth’s magnetic �eld to produce large scale movement of

ionization. The equatorial anomaly is formed as a consequence of E � B upward plasma drifts

associated with an eastward E-�eld and a northward horizontal B-�eld. The lifted plasma then

diffuses downward along the geomagnetic �eld lines due to the gravitational force and the plasma

pressure gradient, and this results in ionization enhancements on both sides of the magnetic equa-

tor (�15o in the latitude) ( Opio et al. , 2015; Olwendo et al. , 2012).
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2.3.3.4 Solar cycle Variation

The solar cycle is the rise and fall of the number of sunspots on the Sun. Solar activity is cor-

related to the number of sunspots on the Sun. As the number of sunspots goes up, solar activity

occurrences go up. Energy output from the Sun also changes as the sunspot count on the Sun

changes. It is greatest when there are the most sunspots and lowest when there are the least

sunspots. During solar minimum there is little X-ray emission, while at solar maximum the

Sun’s atmosphere emits large amounts of X-rays.

2.4 Geographical region of the ionosphere

There are three main region of global ionospheres, namely, low or equatorial latitude, mid latitude

and high latitude regions.

2.4.1 Equatorial ionosphere

The equatorial region of the ionosphere, occasionally referred to as the low latitude zone. It is

strongly affected by electromagnetic (EM) forces that arise due to the geomagnetic �eld which

runs horizontally over the magnetic equator. The equatorial ionosphere is highly dynamic and

consequently poses serious threats to communication and navigation systems. Due to the unique

geometry of the magnetic �elds at the equatorial and low latitudes, the ionospheric effects on

GPS signals are more pronounced in the low latitudes than in the other latitudes. The equatorial

and low latitude ionosphere is characterized in terms of latitudinal of ionization by a trough
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Figure 2.7: Major geographic regions of the ionosphere (Bishop et al., 1991).

at the magnetic equator and crests at about �17 magnetic latitude, a feature referred to as the

equatorial ionization anomaly (EIA). The cause of the anomaly is often attributed to the so-called

fountain effect, whereby an eastward electric �eld at the equator gives rise to an upward E x B

drift during the daytime. After the plasma is lifted to greater heights it is able to diffuse down

ward along magnetic �eld lines under the in�uence of gravity and pressure gradient forces. In

the summer hemisphere, plasma moves upward along the geomagnetic �eld lines, while plasma

moves downward in the winter hemisphere. Therefore the plasma is transported from the summer

hemisphere to the winter hemisphere. As result, the equatorial anomaly crests in the winter

hemisphere are generally larger than in the summer hemisphere as shown Figure 2.8. Therefore,

over the low-latitude zones, the signal degradation may be more likely because of large variations
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Figure 2.8: Asymmetry of the Equatorial Ionization Anomaly. E denotes an eastward electric

�eld and B is the northward geomagnetic �eld (adapted from https://www.google.com).

of TEC near the crest of EIA owing to very large background TEC values.

2.4.2 Mid latitude

The middle latitude ionosphere is a relatively less variable and disturbed region because of the

ionosphere sensing instruments, observations and measurements are best obtained at this region.

In this region the transport of plasma are depend on the geomagnetic �eld line is inclined to the

horizontal and the ionospheric plasma is constrained to move along the geomagnetic �eld lines.

Because of the thermospheric neutral wind, the transport of the plasma along the �eld lines is

into the higher or the lower regions in which the recombination rate are different due to change

the plasma density.
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Figure 2.9: Vertical plasma drifts due to the meridional neutral wind (WM). Wk is the meridional

wind along the geomagnetic �eld line (Source: Ja Soon Shim, 2009).

2.4.3 High latitude

In addition to photonionization, collisional ionization is another source of ionization in the high-

latitude region and at these altitudes the solar radiation is stronger but there are fewer gaseous

atoms to interact with, hence ionization is less. The main reason for this is the fact that the geo-

magnetic �eld lines are nearly vertical in this region leading to the charged particles descending

to E layer altitudes (about 100 km). At high latitudes there is another source of ionization of the

ionosphere the aurora. The light of the aurora is caused by high speed electrons and protons,

coming from the magnetosphere spiralling down the Earth’s magnetic �eld lines. The aurora

form when charged particles emitted from the sun during a solar �are penetrate the earth’s mag-

netic shield and collide with atoms and molecules in our atmosphere. These collisions result in

countless little bursts of light, called photons, which make up the aurora. Collisions with oxy-
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gen produce red and green auroras, while nitrogen produces the pink and purple colors. It also

most commonly occur between 60o-75o latitude, but during great geomagnetic storms the auroral

oval expands equatorially and can reach 30o latitude or further. In the northern hemisphere they

are called the aurora borealis (northern lights) and in the southern hemisphere aurora australis

(southern lights).

2.5 Ionospheric disturbances

2.5.1 Ionospheric storm

The disturbed ionosphere is also one of the main characteristics responded to the geomagnetic

storm. Due to many interacting factors, each storm could show a different course. During geo-

magnetic storms the electron density can either increase (positive ionospheric storm) or decrease

(negative ionospheric storm), and this considerably disturbed behavior is commonly called as the

ionospheric storm.

2.5.2 Geomagnetic storm

Geomagnetic storm is the temporal disturbance of the Earth’s magnetosphere caused by the sun

emits an energetic charged particle like solar �are, coronal mass ejection (CMEs) or solar wind

which interacts the Earth’s magnetic �eld and transfers high amount of energy into the Earth’s

magnetosphere. These reconnection creates an increase electric current inside the magnetosphere

(free movement of ions and electrons). As the solar wind collides (interfere) with the magneto-
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sphere, its velocity and pressure and its embedded interplanetary magnetic �eld (IMF) are highly

variable due to its origin in different solar active regions. Sudden changes of its parameters, man-

ifested as the occurrence of shock waves and most signi�cantly the southward turning of the IMF

Bz component, lead to a rapid increase of magnetic reconnection processes at the magnetopause.

When Bz is strongly negative, magnetic reconnection between the IMF and the geomagnetic �eld

produces open �eld lines which allow mass, energy and momentum to be transferred from the

solar wind to the Earth’s magnetosphere. This results in dramatic increase of solar wind energy

input into all regions of the geosphere system, hence generating geomagnetic storms. Signi�cant

geomagnetic disturbances produce awe-inspiring auroral displays in the northern hemisphere (au-

rora borealis) and in the southern hemisphere (aurora austral), but they can also cause disruptive

effects, such as loss of satellites signals and failure of communication network and electric power

grids.

Geomagnetic storm has three phases. First, initial phase is characterized by Dst increasing

approximately by 20 nT to 50 nT in ten minutes. It is also known as a storm sudden commence-

ment (SSC). Second, main phase is de�ned by Dst decreasing to less than -50 nT means a storm

is somewhat arbitrary. During these time an electric current in the magnetosphere creates a mag-

netic force that pushes out the boundary between the magnetosphere and the solar wind. The

duration of these phase is 2 - 8 hours. Third, recovery phase is when Dst changes from its min-

imum value to its quiet value. The duration of recovery phase may last as short as 8 hours or as

long as 7 days.
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Figure 2.10: The interaction between solar wind and magnetosphere (adapted from

https://www.google.com/search?q=image+on+interaction+between+

solar+wind+and+magnetosphere ).

Figure 2.11: Temporal pro�le of geomagnetic storm observed in Dst index with different phases

during maximum solar activity period (Source: Tsurutani, 2000).
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CHAPTER 3

Data and Methodologies

3.1 Data source

For this study, we obtained GPS-TEC data from the GPS receiver network at 5 stations over

the East African region during maximum solar activity period in the year 2016 using iden-

tical dual-frequency GPS receivers . The TEC data are availiable at UNAVCO (University

Navstar Consortium) website (http://www.unavco.org/) and the solar wind parameters

used for the analysis of this geomagnetic storm were obtained from in the website http:

//www.omniweb.gsfc.nasa.gov/. The Receiver-independent exchange (RINEX) ob-

servation obtained from the IGS websit were processed by the GPS-TEC analysis application

software. The data from satellites of elevation angle greater than 30o, to eliminate the low eleva-

tion angle effects, due to multipath and tropo-scatter, due to water vapor on the measured TEC

values (Olwendo et al., 2016; Opio et al. , 2015).
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Table 3.1: Geographical Latitudes and Geomagnetic Longitude for Receivers over the East Africa

Region Used in This Study

No Station Code Geographical Latitude (deg) Geographical Longitude (oE)

1 Negele (NEGE) 5.33 39.58

2 Bahir Dar (BDMT) 11.59 37.35

3 Debark (DEBK) 13.15 37.89

4 Arusha (ARSH) -3.38 36.69

5 Misamfu (KASM) -10.17 31.22

3.2 Method of analysis

GPS signals that propagate through the ionosphere at two L-band GPS frequencies L1 (1575.42

MHz) and L2 (1227.36 MHz) provides an important ionospheric parameter which is TEC. The

TEC is de�ned as the total number of electrons integrated along the path from the receiver to

the GPS satellite in a column with a cross-sectional area of one square meter which is logically

evaluated �rst in terms of its height pro�le, followed by its spatial and temporal variabilities

(Goodman, 2005). GPS receiver measurement is used to calculate the electron density along

a ray path between the satellites to the receiver on the ground by utilizing dual frequency and

usually expressed in total electron content units (TECU) as:

TEC =
Z S

R
Neds

Where 1TECU = 1016e=m2 and Ne is the total number of the accumulated electrons in each

square meter area through the differential distance (ds) along the path from the satellite to the
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receiver on the ground.

The ionospheric time delays (t1 and t2) at the L1 (of f1) and L2 (of f2) carrier frequencies are

given by

t1 = 40:3(
TEC
cf 2

1
); t2 = 40:3(

TEC
cf 2

2
) (3.1)

where ’c’ is the speed of light in free space. The difference in delay time between the two

frequencies, �t = t2 � t1 is given by

�t = (
40:3
c

) � TEC � (
1
f 2

2
�

1
f 2

1
) (3.2)

3.2.1 Estimation of Ionospheric Total Electron Content from dual frequency

GPS receiver

The ionosphere is a dispersive medium, which means that the apparent time delay contributed

by the ionosphere depends on the frequency of the signal. One of the most fundamental GPS

observables is C/A (Coarse Acquisition) code pseudorange which is generally used for standard

positioning. The code pseudorange is measured from propagation time of the signal from ith

satellite to the receiver and is represented by

Ri = �i + c(�tr � �tis) + �iion + �itro + " (3.3)

Where �i is the geometric distance between satellite and receiver, c is the speed of light, �tr and

�tis are the transmitting and the receiving time error, respectively, �iion and �itro are the ionosphere

and tropospheric effects along the propagation path of the signal, respectively, and " denotes other

effect, like, multipath effect and receiver noise.
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The ionospheric delay �iion is directly proportional to the total electron content (TEC) from

the ith satellite to the receiver. This is called slant TEC and denoted by I islant.

�iion =
e2

8�2m"ocf 2 I
i
slant =

I islant
�

(3.4)

Where e;m; "o and f are charge of the electron, mass of the electron, permittivity of free

space and the signal frequency, respectively and � = 8�2m"ocf2

e2 .

From Equ. (3.3) and (3.4), the slant TEC is calculated as

I islant = �(Ri � �i + c�tis � �itro) � �c�tr + " (3.5)

Since the ionospheric TEC distribution is usually shown by vertical TEC map, the slant TEC

is converted to vertical TEC (vTEC) by a slant factor. The ionosphere can be assumed to be a

thin layer and the ray path crosses the ionosphere at one point called the ionospheric pierce point

(IPP) as shown in the �gure below.

From Figure 3.1 the conversion method from slant TEC I islant to vertical TEC I ivertical can be

used as follows;

cos(�) =
I ivertical
I islant

I islant = I ivertical:
1

cos(�)
(3.6)

where the angle between zenith direction and satellite direction from the IPP and by using sine

triangle law can be calculated as follows;

�i = sin�1(
RE

RE + h
cos �iel) (3.7)

35



Figure 3.1: Conversion model from slant TEC to vertical TEC in a thin layer assumption for the

ionosphere

Where RE is Earth radius, h is the height of IPP and cos �iel is elevation angle of the satellite

at the receiver location.

Therefore, from Eq. (3.5), (3.6) and (3.7), vertical TEC can be calculated by

vTEC = (k � a) cos� (3.8)

Where k = �(Ri � �i + c�tis � �itro) and a = �c�tr (Win et al., 2016).

After that we use MATLAB software and we plot our data.
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CHAPTER 4

Result and Discussion

4.1 Introduction

In this chapter we are going to analyse the spatio temporal variation of ionospheric vTEC over

the East African regions in the year 2016. The temporal variation was investigated in terms of

diurnal, daily, monthly and seasonal variation of vTEC . Also, the spatial variation were analysed

in terms of latitudinal variation of vTEC. In the following section we present the main �ndings

of our result.

4.2 Diurnal Variation of vTEC

Figure 4.1 illustrates a typical quiet (Ap=1) diurnal variation of vTEC from �ve different East

African regions in the year 2016. The left panel of these Fig. depicts a typical diurnal variation of

vTEC during October 20 (top) and November 19 (bottom). It is clearly shows that the maximum

vTEC values were observed near the magnetic equator (ARSH, NEGE, DEBK and BDMT),

respectively while least values of vTEC were registered at KASM station. The right panel of

these Fig. demonstrates the typical diurnal variation of vTEC in December 16 and 19 at the
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Figure 4.1: A typical quiet (Ap=1)diurnal variation of vTEC from �ve different stations located

across East Africa region in the year 2016.

top and the bottom, respectively. As we can see this, its peak vTEC values were recorded at

KASM (top) and ARSH (bottom) while the minimum values of vTEC observed at NEGE station.

In addition, from these it can conclude that the maximum values of vTEC were mostly occurred

around from 10:00 UT to 15:00 UT at daytime, while their values were decreases in the nighttime

hours and becomes minimum after midnight hours mostly around from 00:00 - 03:00 UT. This

indicates that the day time values of vTEC are greater than the nighttime values of vTEC. This

observations can be attributed to the fact that the main source of ionization in the ionosphere can

depends primarily on the activity of the Sun. The amount of ionization in the ionosphere varies

greatly with the amount of solar radiation coming from the Sun. As the sun rises, the ionization

also increases which causes more concentration of electron near the F2 peak at the ionosphere.

According to Kassa et al. (2017), the daytime maximum value of vTEC is an indication of the

dominant role played by the production component due to increase in solar EUV radiation during
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the daytime in all days while the minimum values of vTEC observed during the nighttime in all

days can be attribute to the leading role of the recombination process. The plasma distribution in

the low and equatorial latitude is depends on the thermospheric neutral wind, vertical E�B drift

and the �eld aligned diffusion ( Opio et al. , 2015). In general, the diurnal variation of vTEC

show a pre-dawn minimum, a steady early morning increase, followed by afternoon maximum

and gradual fall after sunset. This observations are in agreement with previous studies (Olawepo

et al., 2017; Ratnam et al. , 2017). The observation of diurnal variation of vTEC shows that the

time at which vTEC reaches the diurnal peak vary from day to day and month to month.

4.3 Day to day variability of vTEC

In order to analyse the daily variation of vTEC over �ve stations in East Africa in the year 2016

during November and December months, the daily averaged value of vTEC has been calculated.

However, in this study the month of January to October are not presented for all stations due to

incompleteness of 24h GPS data. The contour plot of the daily diurnal variability of vTEC over

�ve East Africa regions during November and December are illustrated in Fig. 4.2 - 4.4.

Figure 4.2 shows the daily diurnal variation of ionospheric vTEC over BDMT and DEBK

stations during November and December months. As it can be seen from the �gure, the left

panel indicates the daily variation of vTEC on BDMT station and its maximum vTEC values

obtained approximately around 35 (TECU) from 11:00 UT to 14:00 UT on November 4 - 6 while

its maximum vTEC values reached approximately around 30 (TECU) during at the beginning
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Figure 4.2: Daily diurnal variation of ionospheric vTEC during November and December months

over BDMT and DEBK station

Figure 4.3: Daily diurnal variation of ionospheric vTEC during November and December months

over NEGE and KASM station
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Figure 4.4: Daily diurnal variation of ionospheric vTEC during November and December months

over ARSH station

of the December month at around 12:00 UT. Also, the right panel represents the daily variation

of vTEC at DEBK station, the maximum value of vTEC attained around 11:00 - 14:00 UT at

about 35 (TECU) during December 4- 6 while during November month the maximum vTEC

occurs from 11:00 - 13:00 UT approximately around 30 (TECU) at the beginning of these month.

From Fig 4.3 we can seen that the daily diurnal variation of vTEC over NEGE and KASM stations

during November and December months. As it is clearly see in the �gure, the left panel represents

the daily variation of vTEC at NEGE station. Its peak vTEC values occurs around from 10:00

- 14:00 UT and its maximum value reached approximately 30 TECU on November 1-7 and 14

while during December the maximum vTEC observed from 10:00 - 15:00 UT approximately 25

(TECU) at the beginning of this month. The right panel shows the daily variation of vTEC at

KASM station, the maximum vTEC occurs around at 14:00 UT and its maximum values reached

at about 30 (TECU) on November 17 while the maximum vTEC occurs nearly between 10:00
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- 14:00 UT and its peak values observed approximately around 20 (TECU) on December 2, 3,

6 and 8-12. The daily diurnal variation of vTEC during November and December at ARSH

station shown in Figure 4.4. As observed from these Fig. the maximum variation of vTEC occurs

nearly between 9:00 - 14:00 UT and its maximum values reached approximately 30 (TECU)

on November 1, 2, 4, 6,11, and 14 - 18 while the maximum variation of vTEC occurs around

11:00 - 12:00 UT and its maximum values recorded at about 30 (TECU) on December 9. In

all these plots the diurnal daily variations show a maximum occurring around 09:00 - 15:00 UT

and short-lived minimum in vTEC occurs nearly between 00:00 to 8:00 UT and 16:00 - 23:00

UT and . According to Yinn et al. (1989),Malini et al. (2012) and Richa et al. (2011), the

day to day variability of TEC is contributed by the various parameters like solar EUV radiation

and geomagnetic activity which is associated with the changes in the intensity of the incoming

radiation at which the radiation is incident at the Earth’s atmosphere, since the intensity increases

starting from sunrise and becoming maximum when Sun is overhead and comes to zero when

sunset. In low latitude regions, the highest daytime peak vTEC values depend greatly on the

strength of the equatorial ionization anomaly (EIA). During the daytime, the tide wind and zonal

neutral wind generates an eastward electric �eld that is responsible for the formation of the EIA.

4.4 Monthly variation of vTEC

In order to estimate the monthly variation of vTEC from January to December 2016 over East

Africa sector, the monthly mean variation of vTEC has been calculated and it is portrayed by
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Figure 4.5: Monthly variation of ionospheric vTEC at BDMT and DEBK stations

Figures 4.5 - 4.7 . However, for KASM station, the data of January to April 20 and for ARSH

station April 5 to June 20 were missed. The left and right panels of Figure 4.5 shows the monthly

variation of ionospheric vTEC over BDMT and DEBK stations, respectively. The left panel of

these Fig. represents the monthly variation of vTEC over BDMT station, its peak vTEC values

were recorded in February month approximately at about 32 (TECU) while the last minimum

values of vTEC observed during July approximately around 19(TECU). The right panel of Fig.4.5

depicts the monthly variation of vTEC over DEBK station. As it is clearly see in the �gure the

maximum vTEC values observed in February approximately 26 (TECU) and the minimum vTEC

values were recorded in July around 10 (TECU). Figure 4.6 represents the monthly variation of

vTEC at NEGE and KASM stations. As we can see from the left panel of these Fig. the maximum

vTEC values was observed during March approximately 24 (TECU) and the minimum values of

vTEC observed in July at NEGE and it is at about 11 (TECU). From the right panel of Fig.

4.6, the peak values of vTEC was observed in October approximately 17 (TECU) and the last
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Figure 4.6: Monthly variation of vTEC at NEGE and KASM stations

Figure 4.7: Monthly variation of vTEC at ARSH station
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minimum vTEC values observed in July at about 11 (TECU) over Kasm station. As shown Fig

4.7, the peak vTEC values were observed in October approximately 19 (TECU) while the last

vTEC values observed in August approximately 9 (TECU) at ARSH station. The result shows

that the maximum value of vTEC were observed in February month � 32 TECU and � 26 TECU

over BDMT and DEBK stations respectively , the two stations in the northern hemisphere than

the other remaining stations. It has also been shown that the maximum monthly vTEC values

were observed in the march equinox while the last monthly vTEC values observed in the June

solstices. Hence from these it can be conclude that the variability of vTEC mainly depends on the

intensity of radiations coming from the sun, since in equinox month the sun becomes over head

and it has maximum photo-ionization and maximum value of vTEC. During solstices months,

the earth is far away from the point of the sun, the value of vTEC is then not signi�cant.

4.5 Seasonal variation of vTEC

The seasonal variation of vTEC are illustrated in Figure 4.8 and 4.9. However, for ARSH station,

the seasonal variation of vTEC is not presented due to lack of full GPS-TEC data. As shown in

these �gure, the whole years are categorized into four seasons such as, March Equinox (Febru-

ary, March, April), September Equinox(August, September and October), December solstices

(November, December and January) and June solstices(May, June and July). To investigate the

seasonal variation of vTEC, to calculate for all day of seasons mean values of vTEC and we used

an elevation angle of 30 o for all GPS data to eliminate the effect of clock errors, tropospheric
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Figure 4.8: Seasonal variation of vTEC at BDMT and DEBK stations

water vapor and multipath effect.

The left panel of Figure 4.8 shows the seasonal variation of vTEC at BDMT station. As ob-

served from these �gure, the peak vTEC values observed during March equinox approximately

29.12 (TECU) and the last vTEC values were observed during June solstice approximately 21.26

(TECU). It can also be see from the right panel of this Figure the seasonal variation of vTEC

over DEBK station, since the maximum value of vTEC were recorded during March equinox

approximately 24 (TECU) while the last vTEC values also observed during June solstice ap-

proximately 12.46 (TECU). Figure 4.9 represents the seasonal variation of vTEC at NEGE and

KASM stations. As observed from the left panel of these Figure, the peak vTEC values recorded

during March equinox around 22.18 (TECU) while the last vTEC values observed during June

solstice approximately 13.67 (TECU) at NEGE station. The right panel of Fig. 4.9 shows the

seasonal variation of vTEC at KASM station. As observed from these Fig, the maximum value

of vTEC observed during March equinox approximately 13.77 (TECU) while the minimum val-
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Figure 4.9: Seasonal variation of vTEC at NEGE and KASM stations

ues of vTEC were observed during June solstice approximately 10 (TECU). It is revealed that

the highest values of vTEC are generally observed over BDMT and DEBK stations during the

norther hemisphere while the lowest values observed NEGE and KASM stations (due to geomag-

netic coordinate) during southern hemisphere while the station located far from the equator the

highest value of vTEC are observed in December solstices than June solstices due to asymmetric

trans-equatorial neutral wind from summer to winter. This result indicates that the rise of the

electron concentration in winter than in summer solstice. Generally, the seasonal variation of

vTEC values during the equinox are observed to be higher than that of solstice over all stations.

This observation can be attributed to the fact that during the equinox, the Sun is directly overhead

at the equatorial region thus resulting in higher ionization over this region. However, for DEBK

and NEGE stations the variation of vTEC value is slightly maximum during December solstic

than September equinox. This observation is reported by (Rama Rao et al., 2006; Yekoye, 2015;

Kassa et al., 2015) and contradicted with (Venkata et al, 2017). It may also be resulting due to
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Figure 4.10: The diurnal variation of ionospheric vTEC as a function of latitude during 04 Jan-

uary, 2016

the variations of the solar zenith angle.

4.6 Latitudinal variation of ionospheric vTEC

In this section we discuss about the variation of TEC as a function of latitude in the East African

sector using simultaneous GPS-TEC data from �ve different station. The ionosphere is a function

of latitude and the latitudinal response to the variations also depends on the time of the day.

Figure 4.10 shows the diurnal variation ionospheric vTEC as a function of latitudes over �ve East

Africa regions during 04 January 2016. From the �gure, we observed that the maximum diurnal

variation of ionospheric vTEC occurs at 12:00 UT and it maximum values recorded approxi-
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mately 40 (TECU) at DEBK station while the least values of ionospheric vTEC occurs between

00:00 - 06:00 UT and 17:00 - 23:00 UT at all stations. During January month the sun is tilted to

the southern hemisphere it mean that the maximum radiation is occurred in the southern hemi-

spheres and maximum plasma is reached. Due to the temperature gradient the �ow of plasma

from southern hemisphere into the northern hemispheres. According to Opio et al. (2015);

Kassa et al. (2015) studied larger variations of vTEC are observed in daytime. The day time

vTEC enhancement particularly at the low latitude depends greatly on the strength of the EIA, as

a result of E � B drift and the consequent diffusion along magnetic �eld lines due to gravity force

and pressure gradient, which form two peaks at low latitude, known as the Equatorial Ionization

Anomaly (EIA).

Figure 4.11 represents the contour plots of diurnal variation of vTEC for three quiet days

as a function of latitude. The data has been investigated for the three typical quiet day (Ap=2)

in the year 2016, such as 21 October, 2 December and 4 June representing three seasons of

Equinox, Winter and summer, respectively. As we can see from these Figure, the day maxi-

mum value of ionospheric vTEC increases from the equator to the anomaly crest region. It may

also be see from these �gure that the values of vTEC on the Equinoxial day (21th October) is

maximum as compared to the value of vTEC on the Winter solstice (2nd December) and Sum-

mer solstice (4th June). The maximum variation of vTEC value is occurred from 11:00 - 14:00

UT and around the geographical latitudes of 4o to 13o N recorded at about 35 (TECU) on the

equinoxial, 29.3 (TECU) during Winter and 28.45 during summer solstice days of 21th Octo-

ber, 2nd December and 4th June, respectively. Such observations were also reported by (Rama
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Figure 4.11: Typical quiet days contour plots of the diurnal variations of TEC, drawn as a func-

tion of geographic latitude at �ve stations (DEBK, BDMT, NEGE, ARSH and KASM) for an

equinoxial day, 21 October 2016, a winter day, 2 December 2016 and a summer day, 4 June 2016
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Rao et al., 2006; Zhenzhonget al., 2012). The reason for due to the fact that the equatorial and

low latitude ionosphere is characterized in terms of latitudinal of ionization by a trough at the

magnetic equator and crests at about �17 magnetic latitude, a feature referred to as the equa-

torial ionization anomaly (EIA). The peak vTEC values recorded in the equinoctial months can

be attributed to have been caused by changes in the sun’s position. During equinoctial months,

the sun is overhead the equator and temperature at the equator are hotter than at the pole. This

makes thermospheric meridional wind blow towards the poles from the equator. This meridional

wind changes the neutral composition and O/N2 ratio increases at equatorial and low latitude

regions (due to stronger effect of wind transport during high solar activity). Thus indicates that

the maximum variability of vTEC during equinoxes, equatorial ionization anomaly is expected

to be more developed than during the solstices. During winter, the duration of day is shorter than

summer days. Hence, the production rate of the electrons reaches its peak earlier in winter when

compared to summer months. The reason for the lowest values of vTEC during June (summer)

solstice is the reduced recombination rate of electrons during winter due to asymmetry in the

heating of hemispheres, which causes the transfer of neutral winds from summer to the winter

hemisphere, in the summer hemisphere, plasma moves upward along the geomagnetic �eld lines,

while plasma moves downward in the winter hemisphere. Therefore, the transport of the lifted

plasma toward the winter hemisphere is enhanced, and the plasma transport toward the summer

hemisphere is decreased. The daytime maximum values of vTEC observed in all seasons is as a

result of the production processes due to increase in solar EUV �uxes during the daytime in all

the season while the minimum values of vTEC observed during nighttime in all seasons can be
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Figure 4.12: Diurnal variation of geomagnetic indices on May 7 - 9, 2016

due to the recombination process.

Fig. 4.12 illustrates the diurnal variation of geomagnetic indices on May 7 - 9, 2016 and Fig-

ure 4.13 represents the latitude variation of ionospheric TEC during the storm event (May 7 - 9,

2016) at BDMT, DEBK, NEGE, KASM and ARSH, situated at varying latitudes in the equatorial

anomaly East Africa region.

On May 07, the peak storm was reached at 14:00 UT with the solar wind speed values of 433

km/s, the northward IMF Bz values of 5.3 nT and Dst index with a value of -8 nT and its maxi-

mum vTEC values is reached at about 34.7 (TECU) (BDMT). During this time the ionospheric

variability seen in low latitude it caused by the compression of the front of the magnetosphere

with the arrival of a burst of solar plasma and the Earth’s magnetic �eld remains strong.
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Figure 4.13: Typical contour plots of the diurnal variations of TEC, drawn as a function of geo-

graphic latitude at �ve stations (DEBK, BDMT, NEGE, ARSH and KASM) during geomagnetic

storm
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On May 8, the storm were occurred at 33:00 UT with the solar wind speed value of 524km/s,

the southward IMF Bz value of -1.500nT and the Dst index value of -88 nT and its peak vTEC

values is reached at about 34.57 (TECU) (NEGE) and thus indicates that the variation of iono-

spheric vTEC were occurred greatly at low latitude of ionosphere and it develops over a period

of a few hours to a day.

On May 9, the storm occurs around 03:00 UT in the solar wind speed values of 649 km/s

with the northward IMF Bz and the Dst index reaches at about -18 nT and the value of vTEC

are minimum it is about 3.42 (TECU) (KASM). Due to the results from a decrease in the ring

current plasma when the source is terminated and the existing plasma lost by various mechanisms.

During this time, the double-hump structure of the EIA was week and the overall ionization was

lower compare to the period before the storm time, which causes the vertical and pole-ward

transport of the equatorial plasma. If the zonal electric �eld is reversed to westward direction,

a reversed fountain can occur. Hence from this it can be conclude that the variation of vTEC

depends on the activity of Sun and the geomagnetic activity but during geomagnetic activity the

variation of vTEC can be depend on times which is an energetic charged particle reaches in the

Earth’s magnetosphere.

Generally, the ionosphere is primarily affected due to solar radiations. An energetic charged

particles, like solar �are, CME’s and solar wind are emitted from the sun. This radiation is a

consequence of geomagnetic storm. A geomagnetic storm usually starts with increased intensity

of Earth’s magnetic �eld called the initial phase, followed by a large decrease termed as the main

phase, and the subsequent period of recovery phase. Effects of the geomagnetic storms on the
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ionosphere are more severe over the aurora zone (high latitude), but the consequences are more

complex in the equatorial anomaly (low latitude) regions caused by the prompt penetration of

interplanetary electric �eld (PPE) and the disturbance dynamo. PPE is also produced by during

the southward turning of the interplanetary magnetic �eld (IMF) Bz known as Under shielding

electric �eld and also during the terminating phase of the substorm when IMF Bz turns north-

ward known as over shielding electric �eld. The southward turning of Bz produces the eastward

or westward electric current during the day and night times respectively, while the northward

turning Bz produces the westward or eastward electric �eld during the day and the night times,

respectively. Thus, during daytime, it enhances the daytime eastward zonal electric �eld over

equatorial latitudes, this result in the uplifting of plasma to higher altitudes over the equator and

extension of equatorial ionization anomaly (EIA) towards the farther lower latitudes. Thus higher

TEC values at low latitudes during the day sector. The reverse of the process takes place during

the nighttime leading to the depletion in TEC. In general the PPE from high to low latitudes takes

place with sudden southward turning of IMF and rapid changes in the magnetospheric convec-

tion. Ionospheric disturbance dynamo electric �eld produced by the global thermospheric wind

circulation due to energy input at polar regions. This occurs mainly during the onset or main

phase of the storm. Further, the storm-time EIA can also be in�uenced by changes in the thermo-

spheric composition, which determines the production and loss rates of the ionospheric plasma

(Richa et al. , 2011; Zhao et al., 2005).
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CHAPTER 5

Conclusions and Recommendations

5.1 Conclusion

In this study we have used the GPS-TEC data from �ve East Africa sectors and to investigate the

variation of ionospheric vTEC in terms of diurnal, day to day, monthly, seasonal and latitudinal

variations during maximum solar activity period in the year 2016. The result showed that the di-

urnal variation of vTEC reaches its maximum value during daytime around from 1000UT to 1500

UT and minimum value during presunrise around from 0000 UT to 0300 UT and after sunset. In

addition, the maximum values of monthly and seasonal variation of vTEC are observed during

March equinoctial months while minimum values of vTEC has observed during June solstice’s

months. Further the latitudinal variation of ionospheric vTEC are also observed. Hence it can be

conclude that the maximum variation of vTEC values have recorded in the low latitude/equatorial

region. The equatorial and low latitude ionosphere is characterized by the existence of the day-

time Equatorial Ionization Anomaly (EIA). The EIA is produced by the equatorial ionospheric

fountain effect at the dip equator which is formed by daytime eastward electric �elds. The east-

ward electric �elds together with the almost horizontal northward directed B-�eld produce an

upward E � B vertical drift which lifts the plasma to higher altitudes from where it diffuses to
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higher latitudes along magnetic �eld lines. The diffusion of the plasma to higher latitudes creates

ionization crests on both sides of the magnetic equator at about � 15o magnetic latitudes. And,

the latitudinal variation of vTEC during geomagnetic storm on 7-9 May 2016 was done. Our

result shows that the maximum variation of vTEC are observed during initial phase rather than

the main phase and the recovery phases. This conclusion becomes due to the time of the storm

reaches to the Earth’s magnetosphere.

5.2 Recommendation

Since ionosphere is a very complex dynamic environment. But the variation of ionospheric elec-

tron density depends on latitude, longitude, altitude, solar and geomagnetic activities. So in the

future work, we recommended that it should be make the variation of ionospheric TEC using

different modeling over East Africa and also it should be considering the mathematical expres-

sions. Our future work will concentrate on investigating the spatial variation of ionospheric TEC

by using different modeling.
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