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Abstract

A detailed investigation on the dependence of amplitude and phase scintillation

indices on the Magnetic Field Aligned Angle (MFAA) is conducted using six years of

data from nine stations of the Canadian High Arctic Network (CHAIN) distributed

along a wide range of geographical latitudes ranging between 56.65°−73.004°, making

the study the first of its kind to look into the geometrical dependence of scintillation

from a statistical point of view. The results indicate that both the scintillation indices

show a gradual increase when the MFAA approaches zero. This happens when the

satellite link is parallel to the magnetic field line vector and indicates the presence of

field aligned irregularities which are elongated along the field vector. Comparisons to

previous studies on this subject was also conducted and is shown to contradict what

other studies had previously found on the nature of the dependence of scintillation

indices upon elevation and azimuth angles of the satellite. It is shown that the

scintillation producing irregularities are field aligned, i.e. elongated in the direction

of the magnetic field and not perpendicular to the field as some previous studies had

concluded. It is also observed that the higher dependence of σφ as compared to the

S4 index on the propagation geometry of GPS satellite signals is due to refractive

contributions induced on the signal phase as a result of improper detrending of the

carrier phase. It is shown that this refractive fluctuation in σφ could be removed if

one properly detrends the phase of the signal by taking into account the dynamic

nature of the Fresnel frequency at high latitudes.

ii



Dedication

I would like to dedicate my work to my father Madhanakumar, my mother Latha,

my brothers Mahesh, Abhilash, Aneesh, my pet Rocky, my aunt Seetha and my gods

in whom I believe in. Without them, this work would have never been possible. A

huge respect and thanks to my family members for their trust in me and the constant

support they had provided me all the way through my academics.

iii



Acknowledgements

I would like to express my sincere gratitude to my supervisor Dr. P.T. Jayachandran

for his constant support and advice, both inside and outside of academia, during my

stay at UNB. To quote Jay, ”You are the captain of your ship and I am only here

to guide you” - Thank you Jay for trusting me and giving me an opportunity. I

would also like to thank Prof. Richard Langley for the wonderful discussions we had

during lectures and I miss attending his classes a lot. Thanks to Prof. Zong-Chao

Yan, Prof. Dennis Tokaryk and Prof. Abdelhaq Hamza for their course offerings and

wonderful discussions on the respective subjects. A huge thanks to my supervisory

committee including Prof. Ben Newling and Prof. Igor Mastikhin for their valuable

comments and suggestions regarding the thesis and its contents.

I take this opportunity to also thank my previous teachers, Prof. Titus K Mathew,

Dr. Rhine Kumar, Dr. Justin John and my high school teacher, Mini K Pillai who

left a lasting impression on me.

Special thanks to Kate Gates, Jay Nero and Dr. Martin for spending their time with

me and helping me out from the consequences of the pandemic.

A huge thanks to Dr. Anton Kashcheyev who laid the foundation stone for this thesis.

Anton was, for me, a second supervisor who helped and guided me in every-way

iv



from the start to the end. His constant suggestions and support helped me walk the

difficult trial with ease. Thanks to Richard Chadwick for all the early morning replies

to my queries and the constant nudges that helped me become a better programmer!

Chris Watson for verifying my preliminary results, Ben Reid for helping me spot the

much wanted bug, David Themens and Anthony McCaffrey for sharing his valuable

knowledge and finding time to answer my lengthy emails, Karim Meziane for the

interesting chats and ideas during my initial days at UNB and Swadesh Patra for all

his help both inside and outside the academia.

A huge thanks to my father Madhanakumar, my mother Latha, my brothers Mahesh,

Abhilash, Aneesh, my pet Rocky, my aunt Seethamma, my gods in whom I believe

in and my friends Rao, Megha, Amal and Kaili.

Quoting Newton, ”If I have seen further, it is by standing upon the shoulders of

giants”. Thank you all for being with me.

Infrastructure funding for CHAIN was provided by the Canada Foundation for

Innovation and the New Brunswick Innovation Foundation. CHAIN operation is

conducted in collaboration with the Canadian Space Agency.

v



Table of Contents

Abstract ii

Dedication iii

Acknowledgments iv

Table of Contents vi

List of Tables ix

List of Figures ix

Abbreviations xiii

1 Introduction and Thesis Outline 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 The Ionosphere 8

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 D Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.2 E Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1.3 F Layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.4 Terrestrial Ionosphere at Different Latitudes . . . . . . . . . . 14

2.1.5 Ionospheric Effect on Travelling Radio Waves . . . . . . . . . 16

vi



3 The Geomagnetic Field 21

3.1 The Dipole Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Inclination or Magnetic Dip Angle . . . . . . . . . . . . . . . . 24

3.1.2 Declination or Magnetic Azimuth Angle . . . . . . . . . . . . 25

4 Global Positioning System (GPS) 27

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1.1 The Structure of GPS Signals . . . . . . . . . . . . . . . . . . 27

4.1.2 Positioning using GPS . . . . . . . . . . . . . . . . . . . . . . 29

4.1.3 Pseudorange . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.1.4 Phase Range/Phase Distance . . . . . . . . . . . . . . . . . . 31

4.1.5 Canadian High Arctic Ionospheric Network . . . . . . . . . . 32

5 Radio Scintillation and the Theory of Ionospheric Diffraction 36

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.1.1 Maxwell’s Equations and the Equation for Random Media . . 39

5.1.2 Medium as a Stochastic Variable . . . . . . . . . . . . . . . . 44

5.1.3 Phase Screen Theory and Scintillation Indices . . . . . . . . . 46

6 Magnetic Field Aligned Angle (MFAA) and the Geometrical Dependence

of Scintillation Indices 53

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.3 Co-ordinate Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.3.1 Earth Centered Earth Fixed Co-ordinate System . . . . . . . . 58

6.3.2 North-East-Down (NED) Co-ordinate System . . . . . . . . . 60

6.4 Magnetic Field Aligned Angle in ECEF Frame . . . . . . . . . . . . . 62

6.5 Magnetic Field Aligned Angle in NED Frame . . . . . . . . . . . . . 65

6.6 MFAA(γ) calculated in ECEF and NED Frames . . . . . . . . . . . 67

vii



7 Dependence of Scintillation on Magnetic Field Aligned Angle -

Results and Discussions 70

7.1 A Glimpse into Previous Studies . . . . . . . . . . . . . . . . . . . . . 71

7.2 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7.3 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . 84

7.4 Fort McMurray (lat: 56.65°N , lon: 248.78°E ) . . . . . . . . . . . . . 90

8 Conclusion and Future Works 96

8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

8.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Bibliography 109

Vita

viii



List of Figures

2.1 Electron density distribution with height for different layers and settings

in the ionosphere [54] . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Plasma flow patterns in the ionosphere at different geographical latitudes

namely the low, mid and high latitudes [45]. . . . . . . . . . . . . . . 16

3.1 Commonly used angles and the components of the geomagnetic field

vector [45]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 The angles describing the geomagnetic field direction at a given place

and time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 Inclination (top) and declination (bottom) maps of the Earth. . . . . 26

4.1 Geographical map of the Canadian High Arctic Ionospheric Network

showing all of its stations distributed along various geographical latitudes

and longitudes together with the stations which are used in this study

that are marked in red. . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2 The Septentrio PolaRxS Pro GPS receiver housed at the CHAIN

stations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5.1 A simple diagram depicting an ionospheric slab containing irregularities

of varying sizes that act as obstacles for the incident radio wave and

the phenomenon of diffraction . . . . . . . . . . . . . . . . . . . . . . 43

ix



5.2 Amplitude and phase spectrum of a scintillating signal illustrating a

cut-off at the Fresnel frequency for the amplitude spectra whereas no

such cut-off exists for the phase spectrum. SDF represents the spectral

density function [11] . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.1 Magnetic Field Aligned Angle, γ, between the LOS vector and the

magnetic field vector at a given point in 3-D space as measured at

the IPP. The co-ordinate assumed in this case is the Earth Centered

Earth Fixed (ECEF) co-ordinate system. . . . . . . . . . . . . . . . 57

6.2 The Earth Centered Earth Fixed Co-ordinate System . . . . . . . . . 59

6.3 The North-East-Down (NED) reference system shown alongside with

the ECEF reference system . . . . . . . . . . . . . . . . . . . . . . . 61

6.4 γ calculated in ECEF reference system. . . . . . . . . . . . . . . . . 68

6.5 γ calculated in NED reference system. . . . . . . . . . . . . . . . . . 68

6.6 γ calculated in both ECEF and NED frames are plotted together

in a single plot depicting the perfect match between the calculated

values in the two different reference systems. . . . . . . . . . . . . . . 69

7.1 A typical scintillation event highlighted by a horizontal red line at

Fort McMurray station and the corresponding S4 index . . . . . . . 74

7.2 The dominance of σφ index over S4 index for the event centered around

12 : 25 UTC. The detrending was done using the traditional threshold

of 0.1Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.3 The amplitude spectrum for the event centered around 12 : 25 UTC

showing the Fresnel frequency at 1.385 Hz instead of 0.1 Hz. . . . . . 76

7.4 The new cut-off frequency of 1.385 Hz was used to detrend the carrier

phase hence removing the previously present refractive fluctuations

from the phase scintillation σφ index. . . . . . . . . . . . . . . . . . 77

x



7.5 Example depicting the distribution of S4 values for the period between

2014 - 2020 for the Fort McMurray (fsmc) station with the yellow line

representing the S4max + σS4max threshold above which we have the

scintillation events. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7.6 A second example depicting the distribution of S4 values for the period

between 2014 - 2020 for the Churchill (chuc) station with the yellow

line representing the S4max + σS4max threshold above which we have

the scintillation events. . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.7 The amplitude spectra for an event shown in Figure 7.1 and centered

around 12 : 25 UTC, showing the Fresnel frequency at 1.385 Hz

instead of 0.1 Hz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7.8 Variation of scintillation indices with elevation angle for the years 2014

- 2020 at Fort McMurray station and the variability associated with

each of the binned data . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.9 Variation of scintillation indices with elevation angles and the associated

data variability but this time with σφ calculated after properly detrending

the carrier phase using dynamic Fresnel frequencies. . . . . . . . . . . 86

7.10 Variation of scintillation indices with MFAA (γ)for the years 2014 -

2020 at Fort McMurray station and the variability associated with

each of the binned data . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.11 Variation of scintillation indices with MFAA (γ)for the years 2014 -

2020 at Fort McMurray station and the variability associated with

each of the binned data . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7.12 Number of scintillation events for Fort McMurray station during the

2014− 2020 time period . . . . . . . . . . . . . . . . . . . . . . . . . 93

xi



7.13 Variation of scintillation indices with MFAA for nine stations spanning

a period of 7 years between 2014 - 2020. Plots are arranged in

ascending order of geographical latitude starting at 56.65° and ending

at 71.99° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xii



List of Abbreviations

MFAA Magnetic Field Aligned Angle

CHAIN Canadian High Arctic Ionospheric Network

GNSS Global Navigation Satellite System

GPS Global Positioning System

IPP Ionospheric Pierce Point

PNT Positioning, Navigation and Timing

xiii



Chapter 1

Introduction and Thesis Outline

1.1 Introduction

In this modern era where we have become heavily dependent on technology and

communication systems, GNSS or Global Navigation Satellite System has become

the brand advocate for positioning, navigation and timing. The Global Positioning

System or GPS, owned by the United States government and operated by the United

States Space Force, is just one of the many constellations of satellite systems that

send position and timing data from their orbits down to the receivers on earth. In

addition to the GPS constellation, we also have the Quasi-Zenith Satellite System

(QZSS) also known as the Japanese GPS which is the regional satellite system of

Japan, BEIDOU which is a Chinese satellite navigation system, GALILEO which is

Europe’s GNSS system, GLONASS which is Russia’s satellite constellation and the

Indian Regional Navigation Satellite System (IRNSS), which was later renamed as

NavIC or NAVigation with Indian Constellation.

All of these different satellite constellations transmit radio waves that travel through

the earth’s atmosphere and hence are subject to any change within the same that
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could impact the performance of applications that use satellites. Of particular

importance is the impact of the ionized part of the atmosphere, namely the ionosphere,

on traversing radio signals. The electron density inhomogenities and their variabilities

induce phase advance and group delays in addition to introducing diffractive variations

in the traversing radio waves because of their highly dispersive nature. The refractive

fluctuations could be mitigated using the dual frequency concept as discussed in [25].

However, the diffractive variations are stochastic and mitigation of them is not really

easy which makes the subject even more interesting.

The diffractive variations induced in a radio signal as it travels through the ionosphere,

due to the small scale electron density inhomogenities, cause rapid fluctuations in

amplitude and phase of the signal which are termed scintillation. Scintillation can

degrade the accuracy of the receiver’s ability in positioning, navigation and timing

(PNT), and in extreme cases can even lead to loss of lock on the satellites. The

phenomenon of scintillation in the radio frequency regime first came to light in the

field of astrophysics when Hey, Parsons, and Phillips observed irregular variations in

the amplitude of the 64MHz radio signal coming from the radio star Cygnus [18].

Further investigations on this intriguing finding were carried out by different groups

and the literature could be found in [17, 48] and references therein. It was inferred

from the power spectra of the ionospheric electron density irregularities that the

ionospheric constituents which were responsible for scintillation were not of single

size but varied in their sizes [44, 22]. It is to be emphasized right at the outset that all

these early works only dealt with amplitude scintillation and studies involving phase

scintillation came only after the advent of the GNSS constellations especially the GPS

and were mainly confined to low-latitude regions. The phenomena of scintillation in

GPS radio signals are quantified using the scintillation indices S4 and σφ, where S4

quantifies the scintillation in amplitude and σφ that in the phase of the radio wave
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[57]. A concerning feature associated with the phase scintillation index, σφ, is that

it contains both refractive fluctuations and diffractive variations in the same signal

which can lead to cases of higher dominance of σφ index when compared to the S4

index especially at high latitudes [36, 50]. This however is not expected since both

the scintillation indices refer to the same processes occurring on the same signal at

the same time. This discrepancy in the scintillation indices is more prominent at

high-latitudes where the magnetic field lines are “open” and the drift velocities of the

ionospheric irregularities responsible for scintillation are comparatively larger than

those found at low and mid-latitudes. This dominance of σφ over S4 was however

revealed to be not real but instead an artifact due to the improper detrending of

the signal carrier phase using the conventional cut-off frequency of 0.1Hz which was

borrowed for the high latitudes from the low-latitude studies, as had been shown in

the works of [11, 38] and more recently by [34, 53].

As was mentioned earlier even though scintillation appears to have a lot of drawbacks

from a technological point of view, for scientists on the other hand it is a boon as

scintillating features on radio waves could be used to study the properties of the

ionosphere and the irregularities which produce them, which could be further used

to study the mechanism which produces them in the first place. Due to the strong

interactions between the solar wind, interplanetary magnetic field and the earth’s

magnetic field, the occurrence of scintillation depends on many factors which can or

cannot be directly correlated to each other due to the complexity of the phenomena

involved. The literature containing a vast number of studies which looked into the

dependence of scintillation on various factors like the magnetic and solar activity,

season , local time, etc could be found in [4, 15, 23] and the references therein. A more

recent extensive statistical study was conducted in [39] which revealed the seasonal

and diurnal dependence of phase scintillation at high latitudes. The dependence
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of amplitude scintillation index on the geometrical factors like the elevation and

azimuth of the GPS satellites was conducted by [40]. The modelling results clearly

showed a dependence of S4 with the elevation angle of the satellite for a variety of

axial ratios of the irregularities, with a clear increase occurring when the satellite link

is parallel to the field-aligned irregularities. Due to the low GPS orbit inclination for

their considered stations the authors however did not observe this increase in their

data. A similar modelling study was also conducted by [10, 51] where this time the

authors were able to see the clear dependence of both the scintillation indices, S4

and σφ, on the elevation and azimuth of the satellite link in their modelling results.

It is worth emphasizing at this point that there is a clear dominant dependence of

σφ on elevation angle when compared to the S4 index as far as all of these modelling

studies were concerned. We would show in the later sections of this thesis that this

is due to the improper detrending of the carrier phase and hence is not real but is

an artifact.

Even though a number of modelling works were conducted previously, a statistical

study involving a large dataset for both the amplitude and phase scintillation indices

to understand the geometrical dependence of the scintillation indices has never been

done before. I, therefore in this thesis, present for the first time the statistical results

obtained after an extensive study was conducted using the GPS data collected from

nine different stations of the Canadian High Arctic Ionospheric Network (CHAIN)

that spanned the 56.65°− 73.004° geographical latitude range. This study therefore

delves deeper into the dependence of both the scintillation indices, S4 and σφ, on the

propagation geometry of the satellite link with respect to the magnetic field lines

from a data analysis point of view. This was achieved by combining the geometrical

factors, elevation and azimuth, with the magnetic field vector into a single framework

called the MFAA (γ) at the Ionospheric Pierce Point (IPP). It is shown that both the
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scintillation indices show a gradual increase as the satellite-receiver line of sight vector

(LOS) approaches the magnetic field vector orientation, or in other words when

the MFAA approaches zero. Moreover, the results of the aforementioned modelling

studies were re-examined from a data perspective and it is shown that the dominant

geometrical dependence of the phase scintillation index is nothing but an artifact

due to contributions from refractive fluctuations in σφ. This finding contradicts the

results of the previous modelling studies and it is shown in this thesis that proper

detrending of the signal carrier phase could remove such artifacts from the phase

scintillation index. This thesis therefore also deals with the application of proper

detrending to the geometrical problem of scintillation.

1.1.1 Thesis Outline

Chapter 2 of this thesis gives a glimpse of the ionosphere and its different layers with

a brief discussion on its formation, history and early knowledge. The classification

of the ionosphere based on the geographical locations such as the low, mid and

high-latitudes are also looked into in some detail of which the high-latitude ionosphere

is given special importance as it constitutes the focus of this thesis. The effect of the

ionosphere on radio waves and the mechanism behind radio wave reflection, which

constitutes the basis for radio sounding of the ionosphere, is briefly touched upon.

Chapter 3 lays the foundation for understanding the concept behind the Magnetic

Field Aligned Angle (MFAA) with an introduction to the dipole magnetic field and

the geomagnetic field. Some important terms and concepts which are used a lot

throughout this thesis like the inclination or the dip angle at a given location and

declination or magnetic azimuth angle are discussed in this chapter.

Chapter 4 provides a general overview about the radio signal transmitting satellites
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which are the GPS in this study and the stations which were built to receive the GPS

data namely the Canadian High Arctic Ionospheric Network (CHAIN). Information

about the receivers used by CHAIN, namely the Septentrio and Novatel, are also

briefly touched upon.

Chapter 5 introduces the physics of radio scintillation and how the pattern observed

on the ground/receivers could be traced back to the pattern producing irregularities

in the ionosphere. Maxwell’s electromagnetic theory together with Phase Screen

theory (PST) is used to study wave diffraction from a phase changing screen. The

scintillation indices which are used to quantify variations in amplitude and phase of

the radio signal are derived starting from the wave theory. The concepts of Fresnel

frequency and Fresnel scales are briefly considered for completeness. The problem

with the phase scintillation index and the methodology to overcome it is emphasized.

Chapter 6 includes the mathematical derivation and discussion of Magnetic Field

Aligned Angle (MFAA), which is the angle between the satellite-receiver LOS vector

and the magnetic field vector at any given position and time. The geometrical

dependence of scintillation indices is mathematically shown for completeness. The

unification of elevation, azimuth and magnetic field vector is clearly shown. The

idea of reference systems namely the Earth Centered Earth Fixed (ECEF) and

North, East, Down (NED) reference systems is portrayed. The importance of proper

co-ordinate transformation for the LOS and magnetic field vectors are particularly

emphasized. An example involving a comparison between the aforementioned system

of co-ordinates for the Fort McMurray station of CHAIN is shown to highlight the

equivalence of the two co-ordinate systems and hence emphasize the importance of

proper co-ordinate transformation.
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Chapter 7 deals with an overview on previously conducted modelling studies which

had looked into the geometrical dependence of scintillation. This is followed by a

subsection on data analysis that was employed in order to separate scintillation events

from noise. This was particularly important because of the fact that scintillation

occurs less frequently at high latitudes. The chapter ends with detailed discussion

on the statistical study conducted in order to figure out the dependence of both the

amplitude and phase scintillation indices on the unified geometrical variable, γ, for

nine different stations of the Canadian High Arctic Ionospheric Network (CHAIN).

Results based on the statistical study involving scintillation indices and elevation

angles are also shown particularly to emphasize the importance of γ over elevation

angle while conducting statistical studies.

Chapter 8 wraps up the main ideas and results put forth in this thesis together with

suggestions for future work especially modelling studies. Of particular importance

are the results suggesting the advantage behind the unification of elevation, azimuth

value pairs along with the geomagnetic field vector and its usage over elevation

angle while conducting statistical studies especially that of scintillation geometry.

The results and methodology presented in this thesis could be used as the initial

guiding steps to unravel various irregularity parameters and ionospheric properties

using modelling studies.
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Chapter 2

The Ionosphere

2.1 Introduction

The ionosphere as the name suggests is the ionized part of the earth’s atmosphere

that extends roughly between 48 km and 965 km in altitude containing a significant

number of thermal electrons with energies less than 1eV. Apart from the free electrons

there exists large number of ions as well, both of which are produced through the

ionization of neutral particles by either the extreme ultraviolet radiation from the sun

or by collisions with penetrating energetic particles from outer space. Even though

Marconi’s experiment of 1901 which involved transmitting signals from England to

America over the Atlantic Ocean was the first man-made attempt that probed the

upper ionized atmosphere, naturally occurring aurora and the daily changes in the

earth’s magnetic fields were studied in depth for a long time with early writings on

aurora traced back to the Stone Aged man [19]. It was Heaviside in England and

Kennelly in America who first suggested the existence of a hypothetical reflector in

the atmosphere that was responsible for the transatlantic communication achieved

by Marconi which was initially named as the Heaviside layer and then later renamed

as the ionosphere [41].
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Subsequent studies led to the finding that the ionosphere is not a single layer of

ionized plasma consisting of free electrons and ions but instead is divided into a

number of layers where the electron concentration varies substantially. The existence

of these layers was inferred from experiments involving sounding the ionosphere using

ionosondes and radio waves of different frequencies. When satellite experiments were

on the roll, the method of topside sounding was introduced wherein the topside

ionogram was transmitted to the ground by radio waves from satellites which was

then recorded as a photographic trace on the ground. Therefore, the ionosphere

upto the height of the satellite was studied by combining the data obtained from

ground-based and topside ionosondes. Due to the trajectory of the satellites, the

topside sounding provided valuable information about the distribution of electron

density in the upper part of the ionosphere over a wide range of areas [41].

The different layers were formed mainly by the solar X-rays and extreme ultraviolet

(EUV) rays which when incident on the neutrals in the atmosphere eject electrons

from those atoms whose threshold energy is less than the incident energy thereby

forming a large sea of free electrons and ions [19]. Apart from the sun, cosmic

energetic particles that precipitate down to the earth’s ionosphere via the open

magnetic fields is also another source responsible for the ionisation of the neutrals in

high latitudes. Diatomic oxygen (O2), diatomic nitrogen (N2), monoatomic oxygen

(O) and nitric oxide (NO) are the main ionospheric neutral species which undergo

photo-dissociation by solar irradiance. Due to their differing molecular weights these

ions form horizontally stratified layers forming a number of layers namely the E, F,

F1, F2 layers. It is to be remembered that the so formed ions and electrons do not

stay idle but instead begin recombining back to form neutrals. It is the balance

between the production, recombination and transport processes of these particles
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which dictate the ionospheric structure and composition at any given point in space

and time in addition to various other factors including but not limited to altitude,

solar activity, local time, season, etc. Figure 2.1 shows the distribution of the electron

density with height in the ionosphere during both day and night times as well as

during solar maximum and minimum. Different layers have been shown along with

the ionising radiation responsible for the formation of those layers.

Figure 2.1: Electron density distribution with height for different layers and settings
in the ionosphere [54]
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The layers have been named so by Appleton where the letter E which was used to

denote the electric field of the wave reflected from the lower layer of the ionosphere

was used to denote the layer itself. Subsequent discovery of the upper layer led

Appleton to denote the corresponding electric field by F and hence the F layer. This

nomenclature left room for labelling any other layer that would be discovered later

[41]. The lowest layer was denoted as D.

2.1.1 D Layer

The D layer is the lowest part of the ionosphere which extends between 60 km

and 90 km in altitude. Lyman-α waves of the sun with a wavelength of 121.5

nm are responsible for the photoionization of the neutrals in this layer especially

nitric oxide (NO). In addition to Lyman-α, extreme ultraviolet and hard X-rays

with wavelengths less than 1nm from the sun also act a source of ionization of

neutrals including N2 and O2. Therefore the main constituents formed in the D

layer ionosphere are NO+, N+
2 and O+

2 . The D region is also dominated by water

cluster ions and three-body chemical reactions in addition to positive and negative

ions [19]. However it is to be noted that the rate of recombination is high in the

D-layer, where there are more neutrals than free ions, especially that of N+
2 ions

which could be given as:

N+
2 +O2 −→ O+

2 +N2 (2.1)

The solar radiation can not only produce ions but can also convert ions into neutrals,

an example of which could be given as:

O−2 + hν −→ O2 + e (2.2)
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This equation could be used to explain as to why we have higher electron number

density during daytime than nighttime as shown in Figure 2.1 [38]. The phenomenon

of particle precipitation could be yet another factor that could be responsible for the

ionization of the D region, which is more dominant at high and auroral latitudes.

When a radio wave passes through the D layer, it imparts its energy to the free

electrons which then collide with the neutrals thereby giving up their energy and

hence attenuating the incident radio signal. This is visible as the absorption of the

incident radio signals with the absorption increasing with a decrease in frequency of

the radio waves as the incident energy decreases with decreasing frequency (E = hν)

[41]. When the main source of ionization namely the sun is switched off, the D-layer

disappears completely with only the other layers remaining during the nighttime.

This is the reason why broadcasting stations find it easier to transmit messages over

comparatively larger distances during nighttime than daytime since in addition to

absorption being lower the waves could also penetrate further into the ionosphere to

get reflected from higher ionospheric heights.

2.1.2 E Layer

The layer which comes above the D layer is the E layer which extends from 90 km

– 150 km in altitude above the earth’s surface. Here collisions between charged

particles are not that important because the E layer contains only weakly ionized

plasma. Soft X-rays (1-10nm) and far ultraviolet radiations are responsible for

ionizing this part of the ionosphere. Species such as NO+, O+
2 , N

+
2 are the dominant

species in the E layer with the condition that plasma transport processes can be

neglected due to the short chemical time constants [45]. This directly implies

that photo-chemistry is more important than transport processes while dealing with
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continuity equations. As with the D-layer, the electron concentration in the E-layer is

determined by the balance between ion production by the aforementioned radiations

and their subsequent recombination. Recombination in the layer is dissociative

recombination where the main recombinative reactions can be given as [32]:

e+O+
2 −→ O +O (2.3)

e+N+
2 −→ N +N (2.4)

e+NO+ −→ N +O (2.5)

2.1.3 F Layer

The F layer extends from 120 km and goes all the way beyond 900 km. Extreme

ultraviolet radiation with wavelengths between 10–100nm are responsible for electron

production in this layer. Apart from the production, electron loss also occurs rapidly

in this region through a two-step process given as [38]:

O+ +N2 −→ NO+ +N (2.6)

NO+ + e −→ N +O (2.7)

The F region can be subdivided further into three regions [45]:

• F1 region: This is the lowest region in the F layer where photochemistry

dominates. This is the region where we would see ion-atom interchange and

transport processes becoming important.

• F2 region: This is the region above the F1 region where the transition from

chemical dominance to diffusion dominance happens. It is a region of maximum

ionization which is due to the balance between chemical loss processes and

plasma transport. Both of these regions are dominated by O+ and O.
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• Topside ionosphere: This is the region above the F2 peak or the upper F

region but below the plasmasphere where the phenomena of plasma transport

dominate completely over chemical reactions. These diffusion and transport

processes are strongly influenced by the geomagnetic field. The region where

lighter ions such as H+ and He+ are dominant is termed as the protonosphere.

Collectively, the F layer possess the maximum electron density and hence any radio

wave which penetrates this part of the atmosphere will escape into outer space. The

existence of the F1 layer is highly dependent on solar irradiance whereas the F2

region exists during both the day and night. Hence it is this layer which dictates

most skywave propagation and long distance high frequency radio communications.

It is to be emphasized that ambipolar diffusion and wind-induced drifts along the

magnetic field B and electrodynamic drifts across B , which are transport processes,

become important and start to dominate in the F2 and topside ionosphere [19].

2.1.4 Terrestrial Ionosphere at Different Latitudes

Even though different processes dominate the ionospheres at different latitudes, they

all share the common property of separating into distinct layers namely the D, E

and the F layers. The low latitude region has horizontal geomagnetic field lines

along which an interhemispheric plasma transport can occur due to the meridional

neutral winds. Another transport effect unique to low latitudes is known as the

equatorial fountain. The neutral wind induced ionospheric current produces an

eastward electric field in the daytime equatorial ionosphere producing an upward

motion of plasma. This plasma is transported along the geomagnetic field lines away

from the equator due to the gravitational force of the earth. The aforementioned

effects act simultaneously on the plasma trying to balance one another and maintain

equilibrium, resulting in a plasma motion which produces enhancements in plasma

density on either side of the magnetic equator and appears like a fountain pattern.
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Once equilibirum is reached, the plasma settles down to 15°−20° range on either side

of the geomagnetic equator and this phenomena is known as the Appleton anomaly

[45].

At mid-latitudes the ionospheric plasma co-rotates with the earth and possesses the

ability to flow along the geomagnetic field lines enabling plasma to escape from one

hemisphere’s topside ionosphere and re-enter the conjugate ionosphere at the other

hemisphere [45]. Another important effect in play at mid-latitudes is the daytime

transport of ionization down along the magnetic field lines by the neutral winds that

blows in the south-north direction and up along the geomagnetic field lines by the

wind that blows equatorward (back from the poles to the equator) during nighttime.

These processes, among others, determine the temperatures and plasma densities at

mid-latitudes.

High latitudes are very interesting in that we have “open” field lines which extend

deep into space in an anti-sunward direction [45]. These vertical open field lines are

pathways for electrons and ions to escape from the topside ionosphere resulting in

the loss of plasma from the high latitude ionosphere which came to be known as the

polar wind. Another peculiar phenomenon occurring in the high latitude ionosphere

is the mapping of solar wind-magnetosphere interaction down to the altitudes of the

ionosphere causing the dynamo effect (or the 2-cell plasma flow pattern) which in

turn pushes the high-latitude plasma into regions including the auroral oval, polar

cap, the subauroral region etc. Precipitation becomes the leading ionization source

for plasma in the auroral region [45]. A summary of the different processes occuring

at different ionospheric latitudes are portrayed in Figure 2.2.
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Figure 2.2: Plasma flow patterns in the ionosphere at different geographical latitudes
namely the low, mid and high latitudes [45].

2.1.5 Ionospheric Effect on Travelling Radio Waves

The ionosphere is a non-linear dispersive medium which does not obey the linear ω =

ck relationship. It is also refractive in nature and the earth’s magnetic field makes

it a complex birefringent medium as well. The refractive index of the ionospheric

plasma is given by the Appleton-Hartree equation which is the most general equation

including the birefringent nature of the medium, frequency of the incident radio

signal, collisions, etc. to name a few and is given by [8]:

n2 = 1− X

1− iZ − Y 2
T

2(1−X−iZ)
± 1

(1−X−iZ)

√
Y 4
T

4
+ Y 2

L (1−X − iZ)2

(2.8)
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where the variables take the following definitions:

X =
ω2
p

ω2
, YT =

ωB
ω

sin θ, YL =
ωB
ω

cos θ Z =
ν

ω
(2.9)

with:

ω: angular frequency of the propagating radio wave

ωp: plasma frequency of the ionosphere which is given by:

ωp =

√
Nee2

meε0
(2.10)

where Ne is the electron density in the ionosphere.

ωB: angular gyro-frequency of the electron given by:

ωB =
eB

2me

(2.11)

B: geomagnetic field strength.

ν: The collision frequency of the electron in the medium

θ: Angle between the radio wave vector and the magnetic field vector. The other

variables take their ordinary meanings. Since this thesis is concerned with GPS

signals the frequency of which are very large compared to the collision frequency of

electrons in the ionosphere (typically around 104Hz), the Z term can be neglected

safely in equation (2.8) giving:

n2 = 1− X

1− Y 2
T

2(1−X)
± 1

(1−X)

√
Y 4
T

4
+ Y 2

L (1−X)2

(2.12)
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Taylor expanding the above equation gives:

n ≈ 1− 1

2
X ± 1

2
XY cos θ − 1

8
X2 − 1

4
XY 2(1 + cos2 θ) (2.13)

As the higher order terms are several orders of magnitude smaller than the first term,

we can safely simplify the above equation to get [8, 19, 25]:

n ≈ 1− 1

2
X (2.14)

Substituting in for X and ωp from equation (2.9) and (2.10) gives:

n = np ≈ 1− 40.3(m3/s2)Ne

f 2
(2.15)

where f is the frequency of the incident signal. Equation (2.15) implies that the

electron density in the ionosphere and the propagating radio frequency dictates the

refractive index of the ionospheric plasma exposing its dispersive non-linear nature.

In fact, equation (2.15) represents the phase refractive index. Usual practises involve

using modulated waves since a steady interrupted wave with constant strength is

of no particular use for ionospheric experiments. Accordingly, the wave has a

group velocity which is the velocity at which the entire waveform travels and a

phase velocity which is the velocity at which the phase of an individual frequency

component of the wave travels in a medium. When dispersion in the medium is

small, the group and phase velocities are related to each other through the equation

[8, 25]:

Vg = Vp + k
∂Vp
∂k

(2.16)

where Vg and Vp are the group and phase velocities of the wave given as:

Vg =
∂ω

∂k
(2.17)
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Vp =
ω

k
(2.18)

Here k is the ordinary wave vector. Since there are two different velocities one can

define two different refractive indices as well, namely the group and phase refractive

indices that are given as:

ng =
c

Vg
(2.19)

np =
c

Vp
(2.20)

Substitute (2.19) and (2.20) into equation (2.16) to get:

ng = np + f
∂np
∂f

(2.21)

Substitute equation (2.15) into (2.21) to get:

ng ≈ 1 +
40.3(m3/s2)Ne

f 2
(2.22)

which is similar to equation (2.15) except that they differ by a negative sign implying

that the phase is advanced and the group is delayed while going through the ionosphere.

This result has a strong implication which would help us to understand how radio

waves are reflected from the ionosphere. As seen from the above equations, the

individual phase waves travel faster than the group such that they die out on

reaching the leading edge of the wave envelope to be replaced by new ones that

are continuously formed at the rear [41]. In the ionosphere, the increase in electron

density causes the groups to travel more slowly and the individual waves more rapidly

(via equations (2.15), (2.19), (2.20), (2.22)). Given the wave keeps on penetrating

through regions where electron density keeps on increasing, the group begins to slow

down further and further while the phase progressively gets speeded up. Reflection
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of the wave occurs at that level where the group has come to rest or simply when

the group velocity is zero (the phase velocity would be infinity at that time).
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Chapter 3

The Geomagnetic Field

3.1 The Dipole Field

Our Earth possess an intrinsic magnetic field on its own produced as a result of the

convective electric current due to the motion of molten iron, nickel and other related

elements in its interior core [45]. The geomagnetic field extends from the interior out

into outer space and is nearly horizontal to the surface near the equator and nearly

vertical and open as we move toward the poles. Interestingly enough, the magnetic

north is at the geographic south pole and the magnetic south is at the geographic

north pole. Therefore the north pole of a magnetic compass always point towards

the geographic north (or simply to the magnetic south). At ionospheric altitudes,

the Earth’s field can be safely assumed to be that produced by a magnetic dipole

with its axis tilted with respect to the Earth’s rotational axis by an angle of about

11.5° [45]. If we align the polar axis parallel to the dipole axis of the dipole, then

the geomagnetic field vector in a spherical polar co-ordinate system is given as [45]:

B =
2mcosθ

r3
êr +

msinθ

r3
êθ (3.1)
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where êr, êθ represents the radial and polar unit vectors respectively, and m the

magnitude of the dipole moment at the centre of the earth. This is obtained by

assuming a scalar potential of the form:

φm(r, θ, φ) =
mcosθ

r2
(3.2)

The magnitude of this field given in equation (3.1) is:

B2 =

(
2mcosθ

r3
êr +

msinθ

r3
êθ

)
.

(
2mcosθ

r3
êr +

msinθ

r3
êθ

)
(3.3)

or:

B2 =

(
2mcosθ

r3

)2

+

(
msinθ

r3

)2

=
4m2

r6
cos2θ +

m2sin2θ

r6
(3.4)

or:

B2 =
m2

r6
(4cos2θ + sin2θ) (3.5)

or simply:

B =
m

r3
(1 + 3cos2θ)1/2 (3.6)

The magnitude of Earth’s magnetic field is in the range 25 − 60µT at the surface

with the field being weaker near the equator and stronger towards the poles.

Simple as it seems to be, the most accurate description of the geomagnetic field

can be obtained only by considering the more complex general form of the magnetic

scalar potential which is given in the form of spherical harmonic expansion series as

[45]:

φm(r′, θ′, φ′) = RE

∞∑
n=1

n∑
m=0

(
RE

r′

)n+1

(gmn cosmφ
′ + hmn sinmφ

′)Pm
n (cosθ′) (3.7)

where (r′, θ′, φ′) are the geographic co-ordinates in this case with r′ pointing in the
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radial direction from the centre of the earth, θ′ representing the co-latitude measured

from the north geographical pole, φ′ is the east longitude. gmn and hmn are the

expansion coefficients derived by fitting equation (3.7), which is the general magnetic

potential, to measurements from global-based and satellite magnetometers which

gave birth to the International Geomagnetic Reference Field (IGRF) and Pm
n (cosθ′)

being the associated Legendre polynomial’s Schmidt form of degree n and order

m. It is to be remembered that the magnetic field is not stationary but instead

changes with time which is known as the secular variation of the field. Therefore

the fitting procedure has to be done at various times to account for this variation.

Figure 3.1 depicts the parameters describing the direction and vector components

associated with the geomagnetic field that follow from the IGRF model of the field.

The different quantities are related to each other through the following equations

[45]:

H =
√
X2 + Y 2 (3.8)

B =
√
H2 + Z2 (3.9)

X = HcosD (3.10)

Y = HsinD (3.11)

D = tan−1(Y/X) (3.12)

I = tan−1(Z/H) (3.13)

Here, B is the field magnitude, (X, Y, Z) - different than the preceding chapter -

are the Cartesian components of B in the north, east and down directions, H is the

magnitude of the field’s horizontal component, angles D and I are the declination

and inclination of the magnetic field. Similar to the field strength, the declination

and inclination angles vary over the Earth’s surface with the magnetic poles having
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Figure 3.1: Commonly used angles and the components of the geomagnetic field
vector [45].

the largest inclination values.

3.1.1 Inclination or Magnetic Dip Angle

The angle made by the total field vector with respect to the horizontal plane at any

given location gives the inclination or the dip angle at that location. Inclination arises

as a result of the tendency of a magnet to align itself with lines of the geomagnetic

field. The dip angle at the magnetic equator is zero while at the magnetic poles

it is 90° where a compass does not show any direction and the horizontal intensity

is zero. At magnetic north (geographical south), the inclination takes on negative
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Figure 3.2: The angles describing the geomagnetic field direction at a given place
and time.
Retrieved from: https://www.quora.com/How-do-magnetic-inclination-and-

declination-differ

values indicating that the magnetic field of the Earth is pointing outward, away from

the Earth, at the point of measurement, whereas positive values indicate that it is

pointing into the Earth as in the case of south magnetic pole (geographical north

pole). The locus of all the points on the Earth’s surface which has an inclination

value of zero constitutes the Earth’s magnetic equator.

3.1.2 Declination or Magnetic Azimuth Angle

To put it simply, magnetic declination is the angle between the true/geographical

north and the magnetic north. As shown in Figure 3.2, the north pole of a compass

aligns itself with the horizontal direction of the magnetic field which is the direction

of the magnetic north. This magnetic north does not coincide with the geographical

north and hence gives rise to declination for that particular location. Declination is

taken to be positive when it is to the east of true north and negative when it is to
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the west of true north. As with inclination, magnetic declination also does change

over time and with location. World maps of inclination, declination, their secular

variations and the field intensity along with its components can be calculated using

the IGRF model. Maps depicting the angular parameters of Earth’s magnetic field

calculated using the IGRF model are shown in Figure 3.3 .

Figure 3.3: Inclination (top) and declination (bottom) maps of the Earth.
Retrieved from:

http://www.geomag.bgs.ac.uk/research/modelling/IGRF.html
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Chapter 4

Global Positioning System (GPS)

4.1 Introduction

The Global Positioning System formerly known as the Navstar Global Positioning

System is a PNT system employing radio transmitting satellites orbiting around

the Earth with an orbital inclination of 55° relative to the geographic equator. A

consequence of this is that the receivers at latitudes higher than 55°N/S would

not be able to observe a satellite at an elevation of 90°. GPS boasts of having a

constellation of 31 satellites orbiting at an altitude of 20200 km above the Earth’s

surface with a period of 12 sidereal hours [46]. Information is being transmitted

by the satellites to the receivers on Earth by modulating them onto 3 carrier radio

waves namely the L1, L2 and L5 with frequencies of 1.575GHz, 1.228 GHz, and 1.176

GHz respectively. The modulation involved is phase modulation using which ranging

codes and navigation messages are being transmitted from the satellites [25]. This

thesis involves only using the L1 carrier wave of the GPS satellites.

4.1.1 The Structure of GPS Signals

There are 2 flavours for the ranging code. They are:
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• Coarse/Acquisition (C/A) code: This is a 1023 binary digit pseudorandom

noise (PRN) sequence that repeats every millisecond. PRN codes are unique

to each satellite which therefore allows the receiver to identify satellite from

which it is receiving the signal. Thus PRN codes are the fingerprints carried

by each satellite that self identifies which satellite is which [38].

• Precision (P) code: The precision code which has an enormous length of

6.1871× 1012 bits and a wavelength of 30m is also a pseudorandom noise code.

It is transmitted once a week at 10.23 Mbits/sec and is much more precise than

the C/A code.

The L1 carrier wave is modulated by C/A code, P code and navigation message.

On the other hand, the L2 carrier wave is modulated only by P code and navigation

message [26]. Along with the P-code, there was a more recent addition of a new code

called the civilian code or the C-code to the L2 signal. The purpose of the C-code

was to increase the accuracy for civilian positioning when used in parallel with the

C/A code [28]. Moreover, the inclusion of the more recent L5 signal along with the

other GPS carriers has made the aviation industry more robust. L5 having higher

power and larger bandwidth helps in increasing the fidelity of ionospheric corrections

when used in conjunction with the L1 C/A code.

In addition to transmitting the aforementioned ranging codes, the GPS satellites

also transmit a navigation message to the receivers which has a rate of 50 bits/s and

is 1500 bits long. The navigation message encompasses particulars on the satellite’s

health, the ephemeris data about the satellite which is used to calculate a satellite’s

exact position, satellite’s clock offset to GPS time and the almanac data which

contain details on the locations of all satellites, PRN codes, etc [38].
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4.1.2 Positioning using GPS

The operation of the Global positioning system is based on the mathematical principle

of ‘trilateration’. A GPS receiver’s job is to locate four or more satellites in its view,

figure out the distance to each one of them, and then use this information to deduce

its own location. The positions of the satellites are determined from the navigation

message and the pseudo range (PR), which is a measure of the pseudo distance

between the transmitting satellite and a receiver. This is obtained from either the

C/A-code or the P-code, depending on the receiver type (civilian or military). In

most of the cases the satellite and receiver clocks are not synchronized to each other

leading to errors in the measurement of pseudorange. The satellite clock errors

are corrected by applying the satellite clock correction in the transmitted navigation

message while the receiver clock error is treated as an additional unknown parameter.

This brings the total number of unknown parameters to four: one for the receiver’s

clock error and three for the receiver’s spatial coordinates. This is the reason why

we need at least four satellites in order to accurately estimate the position of a

receiver since there are four unknown variables. The position of the receiver is then

computed by employing the analytical resection method, in which the receiver solves

for its position (X,Y,Z) and its clock error ζ using the following four equations [14]:

R1 = (X − x1)2 + (Y − y1)2 + (Z − z1)2 + ζ2 (4.1)

R2 = (X − x2)2 + (Y − y2)2 + (Z − z2)2 + ζ2 (4.2)

R3 = (X − x3)2 + (Y − y3)2 + (Z − z3)2 + ζ2 (4.3)

R4 = (X − x4)2 + (Y − y4)2 + (Z − z4)2 + ζ2 (4.4)

Though it may sound simple, we actually would have to employ either the ranging

codes or the relative phase of the carrier signals in order to estimate the distance
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between the receiver and the satellites [25].

4.1.3 Pseudorange

The measure of the distance between a receiver and a GPS satellite is called pseudorange.

It is called the pseudorange as its an apparent range and is not real due to a

number of errors from the ionosphere, atmosphere, errors due to the clock and

instrumental delays, multipath to name a few [27]. In addition to receiving the

P or C/A code from the satellite the receiver also generates its own P or C/A codes.

It then compares its P or C/A code with the received one and calculates the lag

between them which represents the time of travel of the signal from the satellite to

the receiver. Multiplying the so obtained lag with the speed of light then gives the

distance between the satellite and the receiver. The pseudorange can be calculated

using the following equation [27]:

P p
k,n(tk) = ρpk(t

p) + cdtk − cdtp + Ipk,n,a(tk) + T pk (tk) + δpk,n,a + εn,a (4.5)

with:

δpk,n,a = dk,n,a(tk) + dpk,n,a(tk) + dpn,a(tk) (4.6)

In the above equations, p stands for the satellite under consideration, k for the

receiver, n for the carrier signal and a is the ranging code. The other variables are:

• ρpk(t
p): Geometrical distance between the satellite and receiver

• dtk, dt
p: Errors associated with the respective receiver and satellite clocks

• c: Velocity of light in vaccum

• Ipk,n,a(tk): The delay in the code a of the carrier n due to the ionosphere

• T pk (tk): Tropospheric delay on the signal
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• dk,n,a(tk): Hardware delay associated with the receiver

• dpn,a(tk): Hardware delay associated with the satellite

• dpk,n,a(tk): Delay due to the effect of multipath

• εn,a: Measurement noise

4.1.4 Phase Range/Phase Distance

Measuring the difference in the phase of the received and receiver generated carrier

wave is yet another way to calculate the receiver- satellite distance. The range

measured in this way is an ambiguous result since the total number of cycles completed

between the receiver and satellite’s phase is not known but only the relative phase

difference between them is known [38]. For a given satellite (p), receiver (k) and

carrier (n) the following equation gives the carrier phase of the wave [33]:

φpk,n(tk) =
fn
c
ρpk(t

p)− fndtk + fndt
p − Ipk,n(tk) +

fn
c
T pk (tk) + δpk,n + εn +Np

k (4.7)

with,

δpk,n = dk,n(tk) + dpk,n(tk) + dpn(tk) (4.8)

In the above two equations the parameters take the following definitions [33]:

• fn : Frequency of the carrier wave

• p
k(tp): Geometrical distance between the satellite and the receiver

• dtk, dt
p: Receiver, satellite clock errors respectively

• c: Velocity of light in vaccum

• Ipk,n(tk): Phase advance on the carrier n due to the ionosphere

• T pk (tk): Tropospheric delay on the signal
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• dk,n,a(tk): Receiver hardware delay

• dpn(tk): Satellite hardware delay

• dpk,n(tk): Delay caused due to multipath effects

• εn: Measurement noise

• Np
k : Integer ambiguity

Equations (4.7) and (4.8) give the phase of the carrier in terms of the unit ”cycles”.

Multiplying by the wavelength of the carrier (λn) would give the distance between

the satellite and receiver in meters. Due to the phase advance/group delay in the

carrier waves on traversing through the ionosphere, we have the ionospheric term

Ipk,n(tk) differing in their sign in both equations (4.7) and (4.5). A knowledge of

these equations and the associated parameters is the first step in increasing the

accuracy in positioning, navigating and timing domains by removing the error terms

keeping in mind that the errors due to receiver noise and multipath cannot be that

easily removed.

4.1.5 Canadian High Arctic Ionospheric Network

The high latitude ionosphere, prior to 2009, was one of the least explored regions

as compared to the low and mid latitude ionospheres where we have a wealth of

ionospheric data. This was mainly due to the fact that the high latitude had a

significantly smaller number of GPS radio instruments that could collect ionospheric

data. The Canadian High Arctic Ionospheric Network, also known through its

abbreviation as CHAIN, was a large initiative and the first of its kind, headed

by Dr. P.T. Jayachandran of the University of New Brunswick that aimed to

fill this gap existing in high latitude ionospheric studies once and for all. The

understanding of quite a number of complex ionospheric phenomena constitutes the
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main scientific objectives of CHAIN. They can be broadly stated as those which

involve the comprehension of [21]:

• Drivers and variabilities of polar cap convection

• The dynamics and generation of polar cap ionization structures having scales

ranging from the macro domain to the micro domain. Structures greater than

1000 km in size fall in the category of macroscales an example of which is the

tongue of ionization. Polar patches which are good examples of structures

falling in the mesoscale domain have sizes of the order of a few hundred

kilometres. There are also structures in the micro domain having sizes of

the order of few kilometers to meters as in scintillation producing structures.

• The role played by the ionosphere in the Magnetosphere - Ionosphere coupling.

CHAIN consists of 27 Global Positioning System Ionospheric Scintillation and Total

electron Content Monitors (GISTMs)/GPS receiver stations in addition to 9 co-located

ionosondes, out of which 18 are Septentrio PolarxS Pro receivers and 9 NovAtel

GSV4004B receivers, where the former have been collecting data since 2013 and the

latter since 2008 [21]. Figure 4.1 depicts all the CHAIN stations based on their

geographical locations with the ones used in this study highlighted in red. The

stations occupy latitudes ranging from the auroral oval to the polar cap.
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Figure 4.1: Geographical map of the Canadian High Arctic Ionospheric Network
showing all of its stations distributed along various geographical latitudes and
longitudes together with the stations which are used in this study that are marked
in red.

The main objectives of all the GISTMs are to compute and then log scintillation

parameters along with raw amplitude and phase at a sampling frequency of 50 Hz for

all GPS satellites [21]. More recently some stations of CHAIN were also upgraded to

track L5 signals. The Septentrio receivers are specially equipped with the enhanced

ability of logging both L1 and L2 amplitude and phase data at a maximum sampling

rate of 100 Hz in addition to sampling the L2 carrier phase independently of the L1

carrier phase. In contrast, the Novatel is only capable of sampling the L1 carrier at a

high frequency. Figure 4.2 shows a typical Septentrio receiver housed at the CHAIN

stations.

Moreover, the receivers also log TEC values at 1 Hz sampling rate in addition to
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Figure 4.2: The Septentrio PolaRxS Pro GPS receiver housed at the CHAIN stations.
Retrieved from https://www.navtechgps.com/septentrio polarxs packaged receivers/.

the geometrical parameters, azimuth and elevation of the satellite, which are logged

with 4 Hz sampling rate [38]. This thesis is only concerned with the scintillation

parameters, raw amplitude and phase and the geometrical parameters namely the

azimuth and elevation of satellites, and the relations between them, which would be

the focus of the coming chapters.
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Chapter 5

Radio Scintillation and the Theory

of Ionospheric Diffraction

5.1 Introduction

Scintillation is defined to be the rapid random fluctuation in the amplitude and phase

of a radio signal due to the phenomenon of diffraction, which are caused by Fresnel

scaled electron density inhomogenities high up in the ionosphere [57]. Even though

electron inhomogenities with scale sizes larger than the Fresnel scale do also possess

the ability to refract the traversing GPS radio signals, we consider scintillation to be

entirely due to diffraction alone as it is stochastic and cannot be mitigated [20, 34].

The refractive fluctuations induced in the signal by the ionosphere are completely

deterministic and hence can be removed by using dual frequencies as shown by the

equation below:

η = −40.309

f 2

∫ s

r

Nedl (5.1)

where:

• η represents the refractive contribution to the ionospheric portion of the carrier

phase
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• f is the frequency of the radio signal

• Ne is the electron density encountered by the radio signal

The integration is being carried out from the receiver to the satellite where dl

represents the differential length along the satellite - receiver line of sight.

The phenomenon of scintillation in the radio frequency regime which is analogous

to scintillation on optical wavelengths was first reported in the field of astrophysics

by Hey, Parsons, and Phillips [18] with further associated investigations carried out

by [17, 48] and references therein. The astronomers noted irregular fluctuations

in the intensity of 64MHz radio signal coming from the radio star Cygnus which

was initially classified as something belonging to the source itself but the idea

was later discarded when no correlation in the data observed at stations 210 km

apart was found [57]. This led to the conclusion that the observed phenomenon

was of terrestrial in origin and was produced by the electron density irregularities

present in the ionosphere [16, 17, 48]. The study of scintillation has become a

major area of research after realizing about the potential impacts it could have

on positioning, navigation, timing and trans-ionospheric communications [24]. In

addition to this, the phenomenon of scintillation could also be used to study the

physics of ionospheric irregularities which are responsible for the stochastic variations

in the signal’s amplitude and phase which would enhance our knowledge on the

dynamics and physical processes occurring in the upper atmosphere [57].

Research in the field of ionospheric radio scintillation began to peak during the

early 1970s when satellite beacon experiments like the DNA wide-band satellite and

the HiLAT satellite were designed and deployed specifically to study scintillation

[13]. These studies which mainly used UHF/VHF frequencies were some of the

first to show that scintillation producing irregularities follow power-law behaviour.
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The power-law behaviour indicates that its not a single sized irregularity which is

responsible for the phenomenon of scintillation but instead there exist ionospheric

irregularities over a wide spectral range that could give rise to this phenomenon.

Instead of UHF/VHF frequencies, this thesis uses GPS frequencies falling in the

1.1 − 1.3GHz frequency range, also called the L-band frequency regime, to study

scintillation. It is worth emphasizing that these early works on ionospheric scintillation

dealt only with fluctuations in the amplitude of the carrier wave and studies involving

phase scintillation came only after the advent of the GNSS constellations which were

then mainly confined to low-latitude regions during the initial years.

A large quantity of experimental evidences indicate that the electron density in the

ionosphere could fluctuate in such a way that it can become highly complex and

irregular (see [57] and the references therein). When this is the case, it is always

better to describe the electromagnetic wave propagation problem stochastically [57].

The first step in this process is to describe the medium by its statistical properties

which then could be used to understand how the rapid fluctuations in the amplitude

and phase of a radio signal that were observed on the receivers could be used to

reveal a wealth of information about irregularity structures in the ionosphere that

produced them. This is achieved by establishing the electromagnetic equations which

describe the propagation of waves in a random medium using Maxwell’s equations

for various components of the electromagnetic field.
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5.1.1 Maxwell’s Equations and the Equation for Random

Media

Maxwell’s set of coupled partial differential equations in Gaussian units are given as

[56]:

∇× E = −1

c

∂B

∂t
(5.2)

∇×H =
1

c

∂D

∂t
+

4π

c
J (5.3)

∇ ·D = 4πρe (5.4)

∇ ·B = 0 (5.5)

In the above equations, E, B are the electric and magnetic field of the wave, H, D

the induction and displacement fields and J, ρe represents the free current density and

the free net charge density respectively. To draft a complete picture of electromagnetic

wave propagation through a random media we must add, to Maxwell’s equations,

the equations which characterize the random medium through which these waves

propagate. The purpose is to connect the field components with the properties of

the random medium.

To begin with, we relate the wave field components B, H through the magnetic

permeability of the medium via:

B = µmH (5.6)

where µm = 1 for the ionosphere in Gaussian units. A second relation which connects

the displacement and electric field vectors through the dielectric constant of the

medium can be given as:

D = ε(r, t)E (5.7)
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The dielectric constant contains all the essential pieces of information which are

required to describe the propagation of any electromagnetic wave through a random

medium [56]. Since we are dealing with a stochastic random media, namely the

ionosphere, we could split ε(r, t) in order to capture the stochastic behaviour of the

medium as follows:

ε(r, t) = 〈ε〉[1 + ∆ε(r, t)] (5.8)

In equation (5.8), 〈ε〉 represents the average background value of the dielectric

constant which is given by [57]:

〈ε〉 =

(
1−

f 2
p

f 2

)
ε0 (5.9)

and ∆ε(r, t), which is both a function of position and time, captures the stochastic

fluctuations in the medium and is given as:

∆ε(r, t) = −(fp/f)2[∆N(r, t)/N0]

1− (fp/f)2
(5.10)

In the above equation, fp represents the plasma frequency corresponding to the

background electron densityN0, ∆N the fluctuations in the density from the background

value and f is the frequency of the incident radio wave. It is this stochastic function

given in equation (5.10) which is responsible for scintillation in electromagnetic radio

signals. To proceed further we take the curl of equation (5.2):

∇×∇× E = −1

c
∇× ∂B

∂t
(5.11)

Using (5.6) it follows that:

∇×∇× E = −1

c
∇× ∂H

∂t
(5.12)
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or as:

∇×∇× E = −1

c

∂

∂t
(∇×H) (5.13)

Substituting from (5.3) gives:

∇×∇× E = − 1

c2

∂2

∂t2
(εE)− 4π

c2

∂J

∂t
(5.14)

where use of (5.7) has been made of in the first term of the above equation. Employing

the vector triple product rule:

A× (B×C) = B(A.C)−C(A.B) (5.15)

we get:

∇(∇.E)−∇2E = − 1

c2

∂2

∂t2
(εE)− 4π

c2

∂J

∂t
(5.16)

This equation could be simplified using equation (5.7) whose divergence gives:

∇.D = ∇.(εE) = ε(∇.E) + E.∇ε (5.17)

For a region devoid of a net charge density we get:

∇.E = −E.∇(logε) (5.18)

Substituting into equation (5.14) gives:

∇2E− 1

c2

∂2

∂t2
(εE) =

4π

c2

∂J

∂t
−∇[E.∇logε] (5.19)

For a region which has no current sources and assuming an isotropic medium such
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that ∇[E.∇logε] = 0 equation (5.19) simplifies to:

∇2E− 1

c2

∂2

∂t2
(εE) = 0 (5.20)

Substituting for ε from equation (5.8) gives:

∇2E− 1

c2

∂2

∂t2

(
〈ε〉[1 + ∆ε(r, t)]E

)
= 0 (5.21)

A solution to the above equation can be given as:

E(r, t) = E(r)e−iωt (5.22)

alongside by making use of the following assumptions [57]:

• An irregularity slab of thickness L exists in the ionosphere whose refractive

index fluctuations affect only the phase of the incoming radio signal.

• The phase distorted wavefront on propagation towards the ground undergoes

interference resulting in amplitude fluctuations in the signal.

• As compared to the wave period, the temporal variations in the irregularities

are much slower.

• As compared to the wavelength of the traversing radio waves, the characteristic

sizes of the irregularities are much larger.
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Figure 5.1: A simple diagram depicting an ionospheric slab containing irregularities
of varying sizes that act as obstacles for the incident radio wave. The part of the
wavefront whose phase is being affected by the inhomogeneous irregularities are
shown in red dotted lines whereas the black portion corresponds to that part which
is unaffected. On its way down to the receiver, the affected and unaffected parts
of the wavefront begins to interfere with each other forming amplitude fluctuations.
On the receiver down on the Earth, this phenomena is visible as rapid temporal
variations in the amplitude and phase of the radio wave and is known as scintillation
[32].

Figure 5.1 shows a pictorial representation of the phenomenon of scintillation in the

ionosphere. As shown in Figure 5.1, scintillation occurs as a result of diffraction

which is seen to depend on the random deviations of the curvature of the phase front

which in turn is determined by the size and strength distributions of the irregularities

in the ionosphere. The major contribution to the amplitude fluctuations as observed

on receivers on the ground comes as a result of the deviations in the phase front

caused by irregularities of sizes given by dF =
√

2λs, which is nothing but the size of

the first Fresnel zone [6, 57]. Here λ is the wavelength of the traversing radio wave, L
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is the thickness of the ionospheric slab containing the electron density inhomogenities

and s is the distance between the screen and the observer.

Making use of the aforementioned assumptions and equation (5.22) into equation

(5.21) leads to [57]:

∇2E(r) + k2[1 + ∆ε(r, t)]E(r) = 0; 0 < z < L (5.23)

In the above equation, k2 = k2
0〈ε〉 and k0 = 2π

λ
is the associated wave number. This

equation is not that easy to solve and hence there exists no general solution for the

same since it contains within itself the complex stochastic function ∆ε(r, t). This

function directly suggests that the medium by itself can only be described by its

statistical properties.

5.1.2 Medium as a Stochastic Variable

Let us define the medium as a homogeneous random field, ζ, given as [57]:

ζ =
∆N(r)

N0

(5.24)

that has a zero mean and a standard deviation, σζ . The auto-correlation function

of this field, which defines how the correlation between any two values of the field

changes as their separation changes, is given as:

Bζ(~r1 − ~r2) = 〈ζ(~r1)ζ(~r2)〉 (5.25)

where the angular brackets denote ensemble average. According to the Wiener-Khinchin

theorem, the auto-correlation function as defined in equation (5.25) and the power
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spectrum, Φζ , form a Fourier transform pair [57]:

Φζ(k) = (2π)−3

∫ ∫ ∫ ∞
−∞

Bζ(r)e−ik.rd3r (5.26)

Bζ(r) =

∫ ∫ ∫ ∞
−∞

Φζ(k)ejk.rd3k (5.27)

To proceed further, we consider a wave travelling through the medium along the

vertical direction (chosen to be the z-axis). As mentioned earlier, only the phase of

this traversing wavefront is assumed to be affected by the medium. The so induced

phase fluctuations due to the electron density fluctuations in the medium can be

given as [57]:

∆φ(~ρ) =

∫
∆n(~ρ, t)dz (5.28)

where ~ρ = (x, y) represents the transverse coordinate, ∆n the fluctuations in the

refractive index due to the fluctuations in the ionospheric electron density ∆N , the

two of which are related through the equation:

∆n = − ∆Ne2

2ω2meε0
(5.29)

where ω = 2πf with f being the incident frequency. Substituting (5.29) into (5.28)

yields:

∆φ(~ρ) = − e2

2ω2meε0

∫
∆N(~ρ, t)dz (5.30)

or simply as:

∆φ(~ρ) = −∆NT (~ρ, t)e2

2ω2meε0
(5.31)

where:

∆NT (~ρ, t) =

∫
∆N(~ρ, t)dz (5.32)

represents the deviation in the total electron content along the signal path in the
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ionosphere. Using equation (5.25) the auto-correlation function of ∆NT (~ρ, t) can

then be given as:

B∆NT (~ρ) = z

∫ ∞
−∞

B∆N(~ρ, z)dz (5.33)

Things get interesting when we relate the auto-correlation function of the electron

density fluctuations to the power spectrum of the ionospheric irregularities through

the Wiener-Khinchin theorem as given by equations (5.26) and (5.27). This yields

[57]:

B∆NT (~ρ) = 2πz

∫ ∫ ∞
−∞

Φ∆N(~k⊥, 0)ei
~k⊥.~ρd2~k⊥ (5.34)

where ~k⊥ = (kx, ky) are the transverse wave vector components. Using the definition

of the auto-correlation function as given by equation (5.25) and equation (5.31) we

could relate the auto-correlation functions of the phase fluctuations to the total

electron density fluctuations via [38]:

B∆φ(~ρ) =

(
e2

2meε0ω2

)2

B∆NT (~ρ) (5.35)

Plugging this into (5.34) results in a mathematical relation which connects the

auto-correlation functions of the fluctuations in the signal phase to the power spectrum

of the ionospheric irregularities which are responsible for those fluctuations. This is

an interesting conclusion in the sense that the pattern observed on the ground/receivers

could be traced back to the pattern producing irregularities in the ionosphere thereby

allowing us to infer the properties of the ionospheric irregularities just by studying

the diffraction pattern on the ground.

5.1.3 Phase Screen Theory and Scintillation Indices

Having discussed about the procedure and the required mathematics to relate the

observed diffraction pattern on the ground to the pattern generating ionospheric
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electron density inhomogenities, it is now time to wrap everything up to form an

ionospheric scintillation theory that could be employed to quantify scintillation. One

of the first theories that took up this matter was the Phase Screen Theory (herein

PST) [42, 57] according to which the diffraction of a radio wave occurs from a

phase-changing irregular screen. According to PST, the ionospheric layer which

produces scintillation in GPS radio signals can be safely assumed to be a thin shell

located roughly at the height of F2 peak density (usually chosen to be at 350 km)

that affects only the phase of the incident radio wave thereby introducing phase

changes in its wavefront by an amount [57]:

φ(~ρ) = k0(∆φ) = −λre∆NT (~ρ) (5.36)

where use has been made of equation (5.31). Here re is the classical electron radius

and ∆NT represents the deviation of the total electron content from the background

value (equation 5.32).

It is safe to assume that there are no associated amplitude fluctuations occurring at

the screen itself since absorption at GPS frequencies is negligible [49]. If the incoming

radio wave is assumed to have a constant amplitude A0 at the time of incidence then

the emerging wave, after its phase has been modified by the irregular ionospheric

phase screen, takes the form:

u0(~ρ) = A0e
−iφ(~ρ) (5.37)

where, φ(~ρ) is the phase of the signal and ~ρ the transverse coordinate (x, y). Equation

(5.37) tells us how the wave propagates below the irregularity slab under the forward

scattering condition. The modified wavefronts begin to interfere with the unaffected

parts of the wavefront forming diffractive interference at the receiver. The resulting
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field is computed using Kirchhoff’s diffraction formula under the forward scattering

assumption which is given as [41]:

u(~ρ, z) =
ikA0

2πz

∫ ∫
e−i[φ(~ρ′)+(k/2z)(~ρ−~ρ′)2]d2ρ′ (5.38)

It is to be noted that equation (5.38) which is the starting point of the phase screen

theory satisfies the forward propagating wave equation (5.37)

It is worth noting that one often is interested in measuring the fluctuations of the

amplitude and phase of the received signal instead of the amplitude and phase alone.

To proceed further, we then have to rewrite equation (5.38) in the form:

u(~ρ, z) = A0exp[χ(~ρ, z)− iS1(~ρ, z)] = A0exp[ψ(~ρ, z)] (5.39)

In (5.39), χ(~ρ, z) is referred to as the log-amplitude whereas S1(~ρ, z) is the phase

departure of the wave. Under weak scintillation conditions it then follows from

(5.38) that [57]:

χ(~ρ, z) =
k

2πz

∫ ∫ ∞
−∞

φ(~ρ′)cos[k|~ρ− ~ρ′|2/2z]d2ρ′ (5.40)

and,

S1(~ρ, z) =
k

2πz

∫ ∫ ∞
−∞

φ(~ρ′)sin[k|~ρ− ~ρ′|2/2z]d2ρ′ (5.41)

with the condition:

〈χ〉 = 〈S1〉 = 0 (5.42)

The power spectra corresponding to log-amplitude and phase departure can then

be obtained using equations (5.40) and (5.41) along with the definitions of the
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corresponding auto-correlation functions [57]:

Φχ( ~k⊥) = 2πLλ2r2
esin

2(k2
⊥z/2k)Φ∆N( ~k⊥, 0) (5.43)

ΦS1(
~k⊥) = 2πLλ2r2

ecos
2(k2
⊥z/2k)Φ∆N( ~k⊥, 0) (5.44)

Note that the first maximum in equation (5.43) occurs when we have:

k =
2π

dF
(5.45)

where dF is called the Fresnel distance and is given as:

dF =
√

2λs (5.46)

Here λ is the wavelength of the radio wave and s the satellite-receiver distance. This

implies that fluctuations in the signal amplitude are caused by irregularities that

have scale sizes in the Fresnel distance regime. Phase fluctuations on the other hand

could arise from irregularities that have scale sizes both lower and higher than the

Fresnel scale defined in equation (5.46)

Figure 5.2 depicts the amplitude and phase spectra of a radio signal affected by

scintillation. Of particular interest is the zero slope of the amplitude spectrum up

to a frequency called the Fresnel frequency beyond which it exhibits the expected

power law behaviour. The Fresnel frequency is defined as:

νF =
vd
dF

(5.47)

where, vd is the relative drift velocity between the irregularities and the source of the

wave as observed by the receiver and dF is the Fresnel scale defined in equation (5.46)
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The phase spectrum on the other hand does not have any such cut-off which implies

that irregularities of all scale sizes in the ionosphere give rise to fluctuations in the

phase of the signal which can be both refractive and diffractive whereas only those

irregularities having scale sizes less than or equal to Fresnel scale can contribute to

fluctuations in the signal amplitude which are termed as scintillation.

Figure 5.2: Amplitude and phase spectrum of a scintillating signal illustrating a
cut-off at the Fresnel frequency for the amplitude spectra whereas no such cut-off
exists for the phase spectrum. SDF represents the spectral density function [11]

As far as the theory of scintillation is concerned, only those fluctuations that have

frequencies higher than this Fresnel frequency are considered scintillation which are

stochastic variations in the amplitude and phase of the signal. Anything below
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the Fresnel frequency are considered refractive fluctuations in the signal and hence

should be removed before conducting any scintillation studies on the collected data.

In addition to this, the raw data also contains low frequency effects arising from

the satellite motion. There arises, therefore, the need to detrend the raw data in

order to remove the low frequency effects in order to study scintillation. A 6th-order

Butterworth filter with a default cutoff frequency of 0.1 Hz is traditionally used in

order to detrend the raw data which is then used to compute the scintillation indices

S4 and σφ which are the quantities used to quantify the phenomenon of scintillation.

These scintillation indices are defined as [11, 42, 57]:

S4 =

√√√√〈I2
〉
−
〈
I
〉2〈

I
〉2 (5.48)

Here, I = A2 with A representing the amplitude, and the brackets indicate ensemble

averaging, which can be approximated by the time averages of I (averaged over 60s

i.e. a total of 50× 60 = 3000 data samples per minute [38]). A period of 1 minute is

usually chosen for averaging assuming that scintillation signals are stationary during

this time period (i.e., statistical properties of the signal do not change) during this

one minute interval [11, 43]. The S4 index is a unitless index having a theoretical

upper limit of 1.0. When greater than 0.6, scintillation is said to be strong while

below this value, scintillation is considered to be weak.
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Similarly the phase scintillation index is defined as:

σφ =

√〈
φ2
〉
−
〈
φ
〉2

(5.49)

which is usually reported in radians.

There is however a concerning feature associated with the phase scintillation index,

σφ, in that it encompasses both refractive fluctuations and diffractive variations in the

same parameter thereby contributing more to the scintillation index than is actually

present. This paves the way for cases of occurrence of higher σφ index when compared

to the S4 index especially at high latitudes [36, 50]. This discrepancy between the

indices should not be present actually since both the indices refer to the same process

affecting the signal at the same time. This discrepancy, though seen to be dominant

at high latitudes, is not real but instead is an artifact due to the improper detrending

of the carrier phase using the conventional cut-off frequency of 0.1Hz as has been

shown in the works of [11, 38] and more recently by [34, 53]. This traditional cut-off

value was borrowed for high latitudes after its immense use in detrending the carrier

phase at low and mid-latitudes ignoring the fact that ionospheric drift velocities at

high latitudes can be much larger than those found at low and mid latitudes [30]. This

implies that the Fresnel frequencies could be way higher than the traditional 0.1Hz

according to equation (5.47). This problem could be circumvented by employing the

Fresnel frequency determined from the amplitude spectrum of the scintillating event

in order to detrend the carrier phase. This would help in removing the deterministic

refractive fluctuations from the signal phase and hence on the so determined σφ.
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Chapter 6

Magnetic Field Aligned Angle

(MFAA) and the Geometrical

Dependence of Scintillation Indices

6.1 Introduction

Chapter 5 introduced the Phase Screen Theory and discussed how the theory could

be used to study ionospheric scintillation. It is the purpose of this chapter to apply

PST to the geometrical problem of scintillation in order to reveal interesting physics

associated with the same.

Re-iterating what had been previously stated, Phase Screen Theory (PST) assumes

the ionospheric layer responsible for scintillation to be located roughly at the height

of F2 peak density (usually 350 km) and affects only the phase of the incident radio

wave thereby introducing phase changes in the propagating wavefront. The phase
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scintillation index as calculated in PST is given by [42]:

σφ = reλ

√
L secθ Csq

−2ν+1
0

[ Γ(ν − 1/2)

4πΓ(ν + 1/2)

]
G (6.1)

where the variables are defines as follows:

• re is the classical electron radius

• L is the thickness of the irregularity slab

• λ is the wavelength of the satellite signal

• θ is the satellite zenith angle

• Cs is the turbulence strength parameter defined at that height where the phase

screen is assumed to be located.

• G is a purely geometric factor which is a function of satellite zenith angle and

the axial ratios a, b of the irregularities.

• ν is the three-dimensional spectral index which is a measure of the spectral

slope

• q0 is the outer-scale cutoff wavenumber (effectively the cut-off frequency at the

lower end of the frequency spectrum)

Similarly, we also have the amplitude scintillation index given as [42]:

S4 = reλ

√
L secθ CsZν−1/2

[ Γ([2.5− ν]/2)

2
√
πΓ([ν + 0.5]/2)(ν − 0.5)

]
G (6.2)

Here,

• Z = λzRsec(θ)
4π

represents the Fresnel-zone parameter, with:

zR =
zzs
z + zs

(6.3)
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where zs is the distance to the GPS satellite and z the distance to the phase

screen.

• G is the combined geometry and propagation factor, implying its a function of

a, b which are the axial ratios, as well as the propagation angles relative to the

irregularity principal axis.

• The other variables take the definitions described above.

From equations (6.1), (6.2) it follows that at any given time the dependence of

the scintillation indices, for a radio signal passing through the ionosphere, on the

geometrical variables could be given as:

σφ ∝
√
secθ G (6.4)

S4 ∝
√
secθ(ν+1/2) G (6.5)

This is because of the fact that the other parameters in equations (6.1), (6.2) do

not exhibit any explicit dependence on the geometrical parameters. Equations (6.4),

(6.5) suggest that both the amplitude and phase scintillation indices vary with the

square root of the product between the secant of zenith angle and the geometrical

factors G, G which are complex functions of the zenith angle, axial ratios, and the

propagation angles relative to the irregularity principal axis. This corresponds to the

general situation where the irregularities are anisotropic in nature. If we consider

the special case of isotropic irregularities, we then have G = G = 1 [40, 43, 55]. The

algebra could be found in the book of [43]. Equations (3) and (4) then reduce to:

σφ ∝
√
secθ (6.6)

S4 ∝
√
secθ(ν+1/2) (6.7)
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Equations (6.4), (6.5) then imply that both the scintillation indices must vary with

the secant of the zenith angle or the cosecant of the elevation angle alone when we

have isotropic irregularities. What this means is that both the amplitude and phase

scintillation indices must have a higher value at lower elevations which then decrease

as the elevation becomes higher. However, we should not expect the same behaviour

if the irregularities are anisotropic. In that case we would observe departures from

this secant/cosecant behaviour due to the factors G and G becoming dominant

and this could be clearly seen in the behaviour of both the amplitude and phase

scintillation indices with respect to the elevation/zenith angle. If the anisotropy is

induced by the geomagnetic field such that the principal axis of the irregularities

are elongated along the field direction then such a departure from the expected

behaviour should be visible when using the more general angle namely the MFAA

which captures the effects of the magnetic field as well. The following subsection

will deal with the methodology involved in calculating the MFAA.

6.2 Methodology

The Magnetic Field Aligned Angle (MFAA) or simply γ, is defined as the angle

in 3-D space between the satellite-receiver line of sight vector and the geomagnetic

field vector at any given time and space. It is worth emphasizing that since we are

interested in a phenomenon (scintillation) happening in the ionosphere, MFAA has

to be calculated at a point in the ionosphere rather than at the receiver. This is

achieved by assuming a thin shell model for the ionosphere which assumes that the

ionosphere is an infinitesimally thin layer with a uniform density. The height of

the layer is taken to be at that height where the electron density has its maximum

value which usually corresponds to the F2 peak height of 350 km measured from the

receiver. The point where the satellite link meets this thin ionospheric shell is called
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the Ionospheric Pierce Point (IPP). Therefore, the angle MFAA is calculated at the

IPP for all the stations considered in this thesis as shown in Figure 6.1.

Figure 6.1: Magnetic Field Aligned Angle, γ, between the LOS vector and the
magnetic field vector at a given point in 3-D space as measured at the IPP.
The co-ordinate assumed in this case is the Earth Centered Earth Fixed (ECEF)
co-ordinate system.

As the satellite moves in space-time, this angle keeps on changing as a result of

continuous change in the elevation and azimuth values of the GPS satellites. Moreover

the Earth’s magnetic field also exhibits annual variation which also must be taken

into consideration when dealing with data spread over multiple years. It is therefore

important to compute MFAA for every point in space corresponding to the satellite’s

trajectory and every point in time in order to accommodate the changing nature of

the geometrical parameters, elevation and azimuth, as well as the geomagnetic field.

Since the angle made by the geomagnetic field vector with the satellite-receiver LOS
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vector is computed in 3-D space, a co-ordinate or a reference system in which this

angle could be calculated has to be first defined. Calculations are shown for both the

Earth Centered Earth Fixed (ECEF) co-ordinate system and the North-East-Down

(NED) reference system. It is hereby emphasized that neither of the co-ordinate

systems mentioned above possess any particular significance and it is hereby stated

that the calculations that are to follow could be performed in any reference system of

interest, keeping in mind that the physics and the final value of MFAA has to be the

same irrespective of the co-ordinate system chosen as MFAA is a scalar quantity.

Before delving into the mathematical derivation involving the unification of the

geometrical parameters with the magnetic field vector, a short description on the

two co-ordinate systems used would be made.

6.3 Co-ordinate Systems

A co-ordinate system is composed of a a set of three coordinate axes which are

governed by a set of prescriptions and conventions together with the modeling at any

given time. A co-ordinate/reference frame realizes the above system by employing

coordinates for definite points in the system that might represent the position of an

object referenced with respect to that system [52].

6.3.1 Earth Centered Earth Fixed Co-ordinate System

Earth Centered Earth Fixed Co-ordinate System abbreviated as ECEF co-ordinate

system is a terrestrial co-ordinate system that uses the Cartesian co-ordinates, X, Y, Z

to represent the position of an object. This co-ordinate system is also known

by the name Earth-Centered Rotational (ECR) co-ordinate system. The origin,

(point 0, 0, 0), of this co-ordinate system is defined at the centre of mass of the

Earth hence the name ”Earth Centered”. Its called ”Earth Fixed” since the axes
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of this co-ordinate system are aligned with the International Reference Pole and

International Reference Meridian that are fixed with respect to Earth’s surface. The

x-axis of this co-ordinate system intersects the Earth’s surface at the point where

the equator and the prime meridian meets, i.e. the point corresponding to a latitude

and longitude values of 0°. The z-axis passes through the true north, which does

not coincide with the instantaneous rotational axis of the Earth. The Y-axis goes

perpendicular to both these axes thereby forming the triad of co-ordinates axes for

the ECEF reference system [52]. The ECEF co-ordinate system is depicted in Figure

6.2 below.

Figure 6.2: The Earth Centered Earth Fixed Co-ordinate System.
Adapted from: Coordinate Systems - Basic Air Data.
https://www.basicairdata.eu/knowledge-center/background-topics/coordinate-system/
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6.3.2 North-East-Down (NED) Co-ordinate System

This geographical coordinate system otherwise known as the Local Tangent Plane

coordinate system (LTP ) or the Local Vertical, Local Horizontal coordinate system

(LV LH) is a local reference system based on the tangent plane defined by the local

vertical direction and the Earth’s rotational axis. Such a co-ordinate system is

usually employed to describe local trajectories and altitude of an object in 3-D space.

In this co-ordinate system, the North axis points towards the geodetic north parallel

to the local longitude line and the East axis points towards geodetic east parallel

to the local latitude. The Down axis is perpendicular to the aforementioned other

two axes and points towards the Earth thereby forming a complete a right-handed

coordinate system [7]. The NED co-ordinate system is shown along with the ECEF

reference system in Figure 6.3. It is worth remembering that the direction of the

Down axis is dictated by the other two axes and does not necessarily point to the

center of the Earth. Its true direction depends on the latitude and longitude of the

origin of the NED frame which could be chosen arbitrarily at any point on the Earth’s

surface. Once chosen, the origin of the NED frame is fixed in the ECEF coordinate

system. NED coordinates are quite similar to the ECEF co-ordinates since both of

them are Cartesian which allows us to conduct transformations between ECEF and

NED frames using the relation [7]:

PNED = RT (PECEF −PRef ) (6.8)

where PNED represents the 3-D position in NED system, PECEF the position vector

in ECEF , PRef the position in the ECEF frame of the local NED frame system which

is chosen at the IPP and R stands for the rotation matrix which is used to go from
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one frame to the other which is given by [7]:

R =


−sin(φ)cos(λ) −sin(λ) −cos(φ)cos(λ)

−sin(φ)sin(λ) cos(λ) −cos(φ)sin(λ)

cos(φ) 0 −sin(φ)

 (6.9)

In the above equation, φ, λ represent the longitude and latitude respectively.

Figure 6.3: The North-East-Down (NED) reference system shown alongside with the
ECEF reference system [7].
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6.4 Magnetic Field Aligned Angle in ECEF Frame

The mathematical derivation involved in finding the MFAA in ECEF frame begins

by first finding the latitude and longitude of the IPP using the equations [1]:

latipp = arcsin[sin(latsta)cos(ψ) + cos(latsta)sin(ψ)cos(azisat)] (6.10)

lonipp = lonsta + arcsin
[sin(ψ)sin(azisat)

cos(latipp)

]
(6.11)

where:

ψ =
π

2
− elesat − arcsin

( RE

RE + h
cos(elesat)

)
(6.12)

is the angle subtended by the LOS at the centre of the earth, elesat, azisat are the

elevation and azimuth values of the satellite, and latsta, lonsta are the latitude and

longitude of the station where the GPS receiver is placed.

The Cartesian co-ordinates of the IPP can then be found using the transformation

equations [7]:

Xipp = (NE + h) ∗ cos(latipp) ∗ cos(lonipp) (6.13)

Yipp = (NE + h) ∗ cos(latipp) ∗ sin(lonipp) (6.14)

Zipp = (NE ∗ (1− e2) + h) ∗ sin(latipp) (6.15)

where:

NE =
REa√

(1− e2sin2(latsta)
(6.16)
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In the above equation we have:

e =

√
(R2
Ea−R

2
Eb)

REa
which is the eccentricity and

h - height of the ionospheric shell (chosen to be at 350 Km)

A similar transformation equation as in (6.13) through (6.15) but this time with

h = 0 can be used to find the Cartesian components of the station co-ordinates in

ECEF reference system. Then the components of the position vector of the LOS

satellite-receiver vector in ECEF is given as:

XECEF = Xipp −Xsta (6.17)

YECEF = Yipp − Ysta (6.18)

ZECEF = Zipp − Zsta (6.19)

The magnetic field componentsBxNED (north component), ByNED (east component),

BzNED (vertical/down component) are reported in the local tangent plane reference

system. They are computed at the IPP (350km) using the International Geomagnetic

Reference Field (IGRF) model. These components are then transformed from the

NED frame to the ECEF frame using the equations (using the standard tranformation

matrices used in going from NED to ECEF frame) so that the two vectors are now

in the same reference system [7]:

BxECEF = −sin(latipp) ∗ cos(lonipp) ∗BxNED − sin(lonipp) ∗ByNED−

cos(latipp) ∗ cos(lonipp) ∗BzNED (6.20)
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ByECEF = −sin(latipp) ∗ sin(lonipp) ∗BxNED + cos(lonipp) ∗ByNED−

cos(latipp) ∗ sin(lonipp) ∗BzNED (6.21)

BzECEF = cos(latipp) ∗BxNED − sin(latipp) ∗BzNED (6.22)

where the parameters take the definitions as discussed above.

The angle between the LOS and the magnetic field vectors at the IPP, which is the

Magnetic Field Aligned Angle (MFAA), is calculated using the usual formula used

in finding the angle between 2 vectors in 3-D space:

cos(γ) =
~a.~b

|~a||~b|
(6.23)

For our case this becomes:

cos(γ) =
BxECEF ∗XECEF +ByECEF ∗ YECEF +BzECEF ∗ ZECEF√
Bx2

ECEF +By2
ECEF +Bz2

ECEF ×
√
X2
ECEF + Y 2

ECEF + Z2
ECEF

(6.24)

MFAA is then easily found by taking the inverse cosine of this equation as:

γ = cos−1

(
BxECEF ∗XECEF +ByECEF ∗ YECEF +BzECEF ∗ ZECEF√
Bx2

ECEF +By2
ECEF +Bz2

ECEF ×
√
X2
ECEF + Y 2

ECEF + Z2
ECEF

)
(6.25)

It is hereby emphasized thatMFAA has been calculated for all the values of (elevation,

azimuth) pairs during the pass of the satellite across the given receiver, which extends

across multiple years spanning between 2014 - 2020. In addition care was taken to

consider the small but important variation in the magnetic field vector with time.

This was done by calculating MFAA for every year separately so that the annual

variations in the geomagnetic field vector components, especially in the dip and the

declination values, could be captured successfully.
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6.5 Magnetic Field Aligned Angle in NED Frame

The mathematical derivation involved in finding the MFAA in the NED frame is

similar to the ECEF with the one exception of the transformation matrices involved

in going from one frame to another. Here too the derivation begins by first finding

the latitude and longitude of the IPP using the equations [1]:

latipp = arcsin[sin(latsta)cos(ψ) + cos(latsta)sin(ψ)cos(azisat)] (6.26)

lonipp = lonsta + arcsin
[sin(ψ)sin(azisat)

cos(latipp)

]
(6.27)

where:

ψ =
π

2
− elesat − arcsin

( RE

RE + h
cos(elesat)

)
(6.28)

The Cartesian components of the position vector of the LOS satellite-receiver vector

in NED frame is given as [7]:

Xnorth = −sin(latipp) ∗ cos(lonipp) ∗XECEF − sin(latipp) ∗ sin(lonipp) ∗ YECEF+

cos(latipp) ∗ ZECEF

(6.29)

Yeast = −sin(lonipp) ∗XECEF + cos(lonipp) ∗ YECEF (6.30)

Zdown = −cos(latipp) ∗ cos(lonipp) ∗XECEF − cos(latipp) ∗ sin(lonipp) ∗ YECEF−

sin(latipp) ∗ ZECEF (6.31)

where the variables take the definitions as stated in the previous section.
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Next the magnetic field componentsBxNED (north component), ByNED (east component),

BzNED (vertical/down component) at IPP (350km) are found by using the IGRF

model. The components are already reported in the NED reference system and

hence no further transformations are required. The angle MFAA is then found

using the cosine dot product rule as follows:

cos(γ) =
BxNED ∗Xnorth +ByNED ∗ Yeast +BzNED ∗ Zdown√
Bx2

NED +By2
NED +Bz2

NED ×
√
X2
north + Y 2

east + Z2
down

(6.32)

γ is then easily found by taking the inverse cosine of this equation:

γ = cos−1

(
BxNED ∗Xnorth +ByNED ∗ Yeast +BzNED ∗ Zdown√
Bx2

NED +By2
NED +Bz2

NED ×
√
X2
north + Y 2

east + Z2
down

)
(6.33)
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6.6 MFAA(γ) calculated in ECEF and NED Frames

An important study was conducted to investigate and hence verify the previously

mentioned statement of the equivalence between the calculated MFAA values in two

different reference systems, namely the ECEF and NED reference systems. In this

particular example, the γ values for Fort McMurray station of the CHAIN network,

having a latitude value of 56.65° and a longitude of 248.78°, were calculated for 18th

of May 2018 for PRN 2 of the GPS constellation in both ECEF and NED reference

systems. It was found that the γ values varied between 5.54 and 46.73 in both

ECEF and NED co-ordinate frames during the course of the satellite’s trajectory

on the given day, as shown in the plots below, concluding that the calculations

performed in both the co-ordinate systems agree well with respect to each other and

verifying that it does not matter which co-ordinate system one is working on as long

as proper transformations between the coordinate systems were carried out. Figure

6.4 represents a plot of MFAA values for the Fort McMurray station in the ECEF

frame, followed by the representation in NED frame as shown in Figure 6.5. Figure

6.6 represents γ values found in both ECEF and NED reference systems shown

together in a single plot which depicts the agreement between the calculated values

in the two different co-ordinate systems.
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Figure 6.4: γ calculated in ECEF reference system.

Figure 6.5: γ calculated in NED reference system.
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Figure 6.6: γ calculated in both ECEF and NED frames are plotted together in
a single plot depicting the perfect match between the calculated values in the two
different reference systems.
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Chapter 7

Dependence of Scintillation on

Magnetic Field Aligned Angle -

Results and Discussions

Chapter 6 dealt with the necessary theory required to compute the Magnetic Field

Aligned Angle (MFAA) given the geometrical parameters of the satellite and the

different components of the geomagnetic field vector. Its now time to put everything

into practise by applying the methodology developed in chapter 6 to real GPS

data collected by the CHAIN receivers. Before delving directly into the underlying

details associated with the study conducted in this thesis, its always a good idea to

revisit previous studies conducted in the topic of interest in order to gather more

insights on previously published results and any associated problems/issues on the

same. Nevertheless, its worth mentioning right at the outset that the study and the

associated results quoted in this thesis is the first of its kind that had statistically

looked into the geometrical dependence of scintillation. Even though there exist

previous studies on this topic, the majority of them were modelling studies and

some included within them brief experimental studies as well. In addition to being
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the first study that took into account a large dataset involving 6 years of data to look

into the geometrical dependence of scintillation, this study also enjoys the privilege

of combining geometrical parameters along with the geomagnetic field components

into a single framework to study this aforementioned geometrical dependence instead

of treating the parameters separately.

7.1 A Glimpse into Previous Studies

Looking into the dependence of scintillation on various factors like the magnetic and

solar activity, season, local time, etc. were the focus of many studies that spanned

most of the latitude regimes. Examples of such studies could be found in [4, 15, 23]

and the references therein. Prikryl et.al [39] had conducted an extensive statistical

study, the results of which revealed the seasonal and diurnal dependence of phase

scintillation at high latitudes. More recently, Meziane et.al [35] looked into the

seasonal and solar cycle dependence of amplitude scintillation at high latitudes using

data from the Canadian High Arctic Ionospheric Network (CHAIN). The authors

concluded that amplitude scintillation peaked during the high solar activity early

winter periods with the maximum maximum occurrence level of only about ∼ 11%

even during periods of greatest activity.

The first study that looked into the dependence of scintillation with respect to the

geometrical variables and the geomagnetic field lines using GPS frequencies could

be found in [3]. The study involved used GPS occultation measurements from three

GPS satellites and found high values of the S4 index when the satellite link was

parallel to the magnetic field lines. A possible explanation stems from the fact that

the irregularities are elongated in a direction parallel to the field vector and thus a
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radio wave propagating parallel to the field lines encounters additional group path

length through irregularities in the ionosphere. Since the phenomenon of scintillation

increases with the ionospheric irregularity thickness [57], this observed increase could

be used to detect the presence of field-aligned irregularities through its effect on

scintillation indices. A similar research study which used MFAA in their work was

that by [9] in which the authors found evidence for the direct correlation between

MFAA and cycle slips in the carrier phase of GPS signals using the data of the

Japanese satellite network GEONET. The authors noted a sudden peak in cycle slips

of the GPS carrier phase when MFAA was equal to 0° and 90°, with the maximum

occuring when the MFAA value of 0° was reached [9].

Investigations on the dependence of amplitude scintillation index on the geometrical

factors like the elevation and azimuth of the GPS satellites were conducted by [40].

However, the authors did not look into the dependence of phase scintillation index

with either of the geometrical parameters. Their modelling study showed a clear

dependence of S4 with the elevation angle at the ionospheric pierce point, with

a clear dominant increase occurring when the satellite ray path was parallel to

the geomagnetic field vector implying the existence of field-aligned irregularities.

However, the authors did not observe this increase in their data due to the low

GPS orbit inclination for their considered stations. A similar modelling study

was conducted by other researchers as in [51, 10] where this time the authors

looked into the dependence of both the scintillation indices, S4 and σφ, with respect

to the geometrical variables. The respective authors were able to see the clear

dependence of both scintillation indices on the elevation and azimuth of the satellite

link, with the indices peaking as the satellite ray path approached the magnetic

inclination value of the specified station. A striking feature of these modelling results

was that these studies showed a clear higher dependence of σφ over the S4 index
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on the elevation angle. This was concerning, as was mentioned earlier, since the

phase scintillation index encompassed within itself both diffractive fluctuations and

refractive variations. The chances are high that this so visible dominant behaviour

of σφ index as compared to S4 index at high latitudes is due to improper detrending

of the carrier phase using the conventional cut-off threshold of 0.1 Hz. Several

previous studies [11, 34, 20] focussing particularly on high latitude ionosphere had

confirmed and related this dominant behaviour of σφ index, which was termed as

“phase without amplitude scintillation”, to the process of improper detrending of

GPS carrier phase. The respective authors pointed out that the presence of high

plasma (irregularity) drift velocity at high latitudes makes it increasingly possible

to have higher Fresnel frequencies at high latitudes as opposed to the conventional

cut-off of 0.1Hz. This frequency value was predominantly used to detrend carrier

phase at low latitudes where the Fresnel frequencies are usually small due to the small

irregularity drift speeds at those latitudes. Studies, as for example [32], had found

that the Fresnel frequencies at high latitudes could be as high as 1.4Hz which was

considerably larger than the usually employed conventional threshold. The authors

of the aforementioned studies therefore were then able to conclude from their results

that the high dominance of σφ index over S4 index were actually refractive variations

as opposed to diffractive fluctuations and were not scintillation. This additional

refractive variation superimposed on the phase scintillation index, σφ, alongside

the diffractive fluctuation could be then easily rectified by using proper Fresnel

frequencies to carry out the procedure of phase detrending. This methodology then

clearly showed that the phenomenon of “phase without amplitude scintillation” was

actually not real but was an artifact caused by the improper detrending procedure of

GPS phase. Figure 7.1 shows a typical scintillation event, which is highlighted by a

red horizontal line, observed at Fort McMurray (MCMC) station on April 20th, 2020

for PRN 26.
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Figure 7.1: A typical scintillation event highlighted by a horizontal red line at Fort
McMurray station and the corresponding S4 index
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Figure 7.2 depicts the so called “phase without amplitude scintillation” which shows

the high dominant behaviour of the σφ index, where σφ shows a larger fluctuation

with respect to the quite times when compared to the S4 index implying that the

phase of the signal is more active than the amplitude during the time of interest.

Figure 7.2: The dominance of σφ index over S4 index for the event centered around
12 : 25 UTC. The detrending was done using the traditional threshold of 0.1Hz.
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Figure 7.3 shows the amplitude spectrum of the scintillation event entered around

12 : 25 UTC. The Fresnel frequency obtained from the amplitude spectra, which

was around 1.385 Hz, was used to detrend the carrier phase which then gave the

results as shown in Figure 7.4. Its clear that the additional variations in the phase

scintillation index, which were purely refractive, were removed by proper detrending

of the GPS phase leaving us with the diffractive fluctuations in σφ index. The ”phase

without amplitude scintillation” artifact hence had been removed in this case.

Figure 7.3: The amplitude spectrum for the event centered around 12 : 25 UTC
showing the Fresnel frequency at 1.385 Hz instead of 0.1 Hz.
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Figure 7.4: The new cut-off frequency of 1.385 Hz was used to detrend the carrier
phase hence removing the previously present refractive fluctuations from the phase
scintillation σφ index.

This thesis therefore not only looks into the geometrical dependence of both the

scintillation indices from the perspective of a statistical study but will also do so by

properly detrending the phase of the GPS carrier using proper Fresnel frequencies

instead of the traditional 0.1Hz threshold.
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7.2 Data Processing

As was previously mentioned, all the data necessary for this study were collected

from the Canadian High Arctic Ionospheric Network (CHAIN) stations that were

highlighted in red in Figure 4.1. Following the procedure employed in [35] cycle

slips in the data were identified and excluded from further analysis. In addition

to this, measurements collected from stations experiencing occasional interference

with signals of the Iridium Satellite Communications system were also removed. An

elevation mask of 30° was always used to filter out low elevation angle data in order

to reduce the effect of multipath.

The data spanning from 2014 - 2020 for nine different stations, namely Fort McMurray

(mcmc), Fort Smith (fsmc), Rankin Inlet (ranc), Rabbit Lake (rabc), Arviat (arvc),

Coral Harbour (corc), Churchill (chuc), Fort Simpson (fsic) and Sachs harbour (sacc),

were then subjected to noise analysis in order to separate scintillation events from

noise. This was done because the study conducted by Meziane et.al [35] had recently

shown that the probability occurrence of amplitude scintillation is too low at high

latitudes falling around a mere 11%. This implies that a large dataset spanning

multiple years could be well dominated by noise and it is very important to isolate

scintillation events from them. The procedure involved constructing the probability

distribution of the S4 index using all of the available dataset from which the noise of

the receivers were estimated as anything that fell below the S4max+σS4max threshold

where S4max is the mode of S4 (the most common value of S4 as determined from the

distribution) and σS4max corresponds to one standard deviation with respect to the

peak value. Anything above this threshold is considered as a scintillation event which

was used in the further analysis. Figures 7.5, 7.6 depicts such a distribution of S4,

shown as an example, for Fort McMurray (mcmc) and Churchill (chuc) stations. The

yellow line corresponds to the S4max + σS4max threshold for the respective stations,
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beyond which we have the scintillation events. Further analysis is done only on such

chosen scintillation events.

Figure 7.5: Example depicting the distribution of S4 values for the period between
2014 - 2020 for the Fort McMurray (fsmc) station with the yellow line representing
the S4max + σS4max threshold above which we have the scintillation events.
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Figure 7.6: A second example depicting the distribution of S4 values for the period
between 2014 - 2020 for the Churchill (chuc) station with the yellow line representing
the S4max + σS4max threshold above which we have the scintillation events.

For the case of Churchill station the noise floor value of the receiver was estimated

to be equal to 0.059 whereas for Fort McMurray the corresponding value was 0.049.

Anything above these respective threshold value was taken to be an amplitude

scintillation event. This procedure was repeated for all the nine different stations

used in this study. The so obtained threshold values spanned between 0.045 - 0.063.

Nevertheless, in order to eliminate any random thermal noise fluctuations associated

with the receiver itself, as suggested in [35], all further analysis employed a threshold

of 0.07 as the optimum value for all stations.

Amplitude scintillation index analysis was preferred to identify scintillation events

over phase scintillation index since the latter can be contaminated by refractive
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fluctuations which are not scintillation [34, 11]. Therefore the dataset was first

analysed to separate scintillation events from non-scintillation events using the threshold

of 0.07 obtained from the S4 histogram distribution. As had been previously mentioned

all the data were initially detrended with the conventional cut-off of 0.1 Hz. This

means that there are high chances that our phase scintillation data could also

be corrupted by refractive variations. Even though the aforementioned outlined

procedure had left us with almost proper phase scintillation events, it had to be

ensured that the so obtained σφ was indeed truly free from all refractive changes in

order to properly study the geometrical dependence of scintillation indices.

The proper detrending of the carrier phase for each scintillation event was conducted

using new Fresnel frequencies obtained from the amplitude spectra of the scintillation

events. Figure 7.7 shows an example of the amplitude spectra of a typical scintillation

event at Fort McMurray station on April 20th, 2020 for PRN 26 of the GPS constellation.

Note that the Fresnel frequency of this scintillation event (which is at the high

latitudes) is 1.385 Hz which is far higher than the traditionally employed cut-off

value of 0.1 Hz. The consequence is that if one employs the threshold value of

0.1 Hz to detrend the carrier phase, then the resulting phase would be dominated

by refractive variations. It is therefore of great interest to properly detrend the

GPS carrier phase of any scintillation event at high latitudes before studying the

phenomenon of scintillation as is done in this thesis.
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Figure 7.7: The amplitude spectra for an event shown in Figure 7.1 and centered
around 12 : 25 UTC, showing the Fresnel frequency at 1.385 Hz instead of 0.1 Hz.

The fit to the spectrum could be done employing any convenient method possible. It

could be done using the inbuilt BSFK function of MATLAB [29] that employed the

least-squares fitting procedure using the free-knot B-Spline where the term B-spline

stands for basis spline. A spline of order n is a piecewise polynomial function of

degree n-1 in a variable x that could be used to fit any function using piecewise

continuously varying polynomials. The places where the pieces meet are known as

knots. The first knot of the BSFK function corresponds to the Fresnel frequency of

the spectrum which is further used to detrend the carrier phase of the GPS signals.

There are also other MATLAB routines that give the same result as in [2] which takes

in the x, y variables as the input to generate the intersection points of the piecewise

polynomial fits, the first of which correspond to the Fresnel frequency. Another

reliable method involves following the approach employed in [34]. It starts with
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fitting the low frequency section of the amplitude spectrum by choosing windows

beginning from the initial cut-off of 0.1Hz and a step size of 0.01Hz. The linear

fit with a slope close to zero was chosen as the best fit with the highest frequency

of the so obtained fit chosen to be the “preliminary cut off frequency”. Similarly, a

window ending at 15Hz and a decreasing step size of 0.01Hz was used to fit the noise

domain of the spectrum in order to obtain the “preliminary noise floor frequency”.

The scintillation portion of the spectrum was fitted by finding out the frequency

corresponding to the geometric mean of the powers associated with the “preliminary

cut off frequency” and the “preliminary noise floor frequency”. Windows centered

at this so calculated frequency along with step sizes of 0.05 Hz on either sides were

used to obtain linear fits for the scintillation portion of the spectrum which showed

the power law behaviour. The best fit of this part of the spectrum was chosen to be

that one having the highest correlation coefficient [34]. The first intersection point

of the above three best fit lines corresponded to the new Fresnel frequency of the

scintillation event which was then used to detrend the carrier phase of the signal to

remove any existing refractive fluctuations from σφ.

The procedure of calculating the Fresnel frequencies, using [29], from the amplitude

spectra of the scintillating event and then using the so found new frequency to

detrend the carrier phase of the GPS signal was employed for all the phase scintillation

events. The so obtained phase scintillation index was free from refractive variations

and hence it was now possible to properly look into the geometrical dependence of

scintillation on MFAA using the scintillation indices S4 and σφ.
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7.3 Results and Discussions

The procedure to identify and filter out scintillation events was outlined in the

previous sections. The identified scintillation events were then binned into intervals

of one degree elevations starting from 30° and going upto the maximum elevation

angle possible for that particular station. The mean of S4 and σφ values in each of

these bins are then taken to represent the S4 and σφ values corresponding to that

particular elevation angle. Moreover the standard deviation of the S4 and σφ values

in each bin was calculated and the variability of the data was then calculated to be

equal to meanS4,σφ ± σS4,σφ where meanS4,σφ represents the mean value of S4 or σφ

in each bin and σS4,σφ the standard deviation of S4 or σφ in each bin.

Notably, it was observed that there was an increase in the scintillation indices values

as the elevation angle approached the magnetic dip angle value at the receiver

location. This behaviour along with the data variability in each bin is shown in

Figure 7.8 for the case of Fort McMurray station during the 2014 - 2020 time period,

having geographical co-ordinates 56.65°N and 248.78°E and where the dip angle is

∼ 77.5°. This increase could be attributed to the presence of irregularities which

are extended along the geomagnetic field line direction. Since the expected cosecant

variation of the scintillation indices with elevation angle as shown by the dashed

curves in Figure (7.8) (using equations (6.6) and (6.7)) was no longer observed,

it had to be concluded that the geometrical and propagation factors, G and G , are

playing a dominant role as the satellite elevation becomes parallel to the geomagnetic

dip angle. The dominance of these factors could be directly mapped to the fact that

the irregularities are clearly anisotropic due to the elongation along the geomagnetic

field direction since both G and G are equal to 1 for isotropic irregularities for which

equations (6.6) and (6.7) hold.
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Figure 7.8: Variation of scintillation indices with the elevation angle for the years
2014 - 2020 at Fort McMurray station (top) and the variability associated with each
of the binned data (bottom).

It has to be emphasized that for each elevation bins the azimuth values of the satellite

are not unique since a satellite can have different azimuths corresponding to the

same elevation angle during different times of its trajectory. This means that while

conducting a statistical investigation, looking at the variation of scintillation indices

with respect to the elevation angle could lead to wrong conclusions and should not
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Figure 7.9: Variation of scintillation indices with elevation angles and the associated
data variability but this time with σφ calculated after properly detrending the carrier
phase using dynamic Fresnel frequencies.

be used since we cannot certainly say whether the satellite link is really parallel to

the geomagnetic field lines. Another important takeaway is on the higher fluctuation

of σφ index at higher elevation angles as shown in Figure 7.8. The σφ index in this

case was calculated using the cut-off frequency of 0.1Hz which is conventionally

used in this field. However this effect is removed in Figure 7.9 where the raw carrier
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phase was detrended using dynamic Fresnel frequencies obtained from the amplitude

scintillation spectra instead of the traditional threshold of 0.1Hz. Clearly this means

that the observed enhancement in the σφ index at higher elevation values were

actually refractive in nature and were not real scintillation. This artifact was realized

much earlier but this thesis is the first to apply this approach to the geometrical

problem of scintillation and investigate its consequences on the results. The results

shown then contradict what the modelling studies as in [10, 40] have shown, as

they had observed higher fluctuations in phase scintillation index as compared to

the amplitude scintillation index. It is hereby argued that this was due to the fact

that the authors were still using the conventional 0.1Hz cut-off at high latitudes to

detrend the raw carrier phase in their modelling studies. It is therefore of interest of

this thesis to emphasize the following points:

• Looking at the statistical variation of scintillation indices with elevation angle

might cause concerning problems and wrong outlook due to the fact that a

satellite can have different azimuth values for the same elevation angle during

its trajectory.

• The variabilities associated with the scintillation indices are seen to go down

to negative values which is downright wrong since scintillation indices being

the standard deviations of the amplitude and phase of the signal cannot be

negative in any case showing the degree of uncertainty.

• The carrier phase of the GPS signal has to be detrended properly using the

dynamic Fresnel frequencies in order to successfully remove the refractive effects

and properly study the geometrical problem of scintillation.

Due to the reasons mentioned in the previous paragraph, confining the study to the

elevation angle alone, as was done in previous modelling studies which looked into

this problem, would not seem satisfactory unless it was possible to confirm as to
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whether the observed increase in both the amplitude and phase scintillation indices

when the elevation hits the dip angle value was actually due to the satellite link

becoming parallel to the geomagnetic field lines. When multiple azimuth values

occur for a given satellite elevation, this seems impossible.

Therefore the concept of Magnetic Field Aligned Angle (MFAA) was developed

which was then used to successfully unify the geometrical parameters, elevation and

azimuth, along with the geomagnetic field components. MFAA values were unique

in the sense that there was only one angle corresponding to each pair of (elevation,

azimuth) values and the geomagnetic field vector components. MFAA takes values

in the range (0°, 90°) in the northern hemisphere with zero corresponding to the

situation when the satellite-receiver line of sight vector (LOS vector) becomes parallel

to the geomagnetic field vector. Consequently, it is expected that the scintillation

indices show a significant increase when MFAA approaches zero if the irregularities

are anisotropic and field aligned according to equations (6.4) and (6.5). Figure

7.10 shows the variation of scintillation indices with respect to MFAA for Fort

McMurray station during the 2014 - 2020 time period before detrending and Figure

7.11 the same after detrending using new Fresnel frequencies. Here too the data

was binned according to the value of MFAA starting from MFAA = 0 and going

up to the maximum MFAA value the station could have. The mean values of both

amplitude and phase scintillation indices in each bin were then taken to represent

the scintillation indices for that specific MFAA. In addition, the standard deviation

of the data in each MFAA bin was also found in order to represent the variability of

the data in each bin.

It is clearly observed that both the amplitude and phase scintillation indices showed

an increase when MFAA approached zero implying the presence of anisotropic irregularities
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that are extended along the field direction. This directly translates to the fact that

the propagation and geometrical and propagation factors G and G of equations

(6.4) and (6.5) become significant when the satellite-receiver LOS becomes parallel

to the geomagnetic field thereby causing the observed departure from the expected

secant/cosecant behaviour had the irregularities been isotropic (see equations (6.6)

and (6.7)). As opposed to using elevation angle, employing the MFAA removed

any doubt on whether the satellite link is really parallel to the field direction while

conducting statistical studies, since MFAA values are unique for any given (elevation,

azimuth) value pair.

It is also worth highlighting that σφ was found to have a higher fluctuation in the

range 0°−22° when the traditional cut-off value of 0.1Hz was used to detrend carrier

phase (refer Figure 7.10). Figure 7.11 shows the result after the carrier phase was

detrended using new Fresnel frequencies instead of 0.1Hz which were determined

from the amplitude spectra. Clearly the previously observed higher fluctuations in

σφ index is now reduced as visible in Figure 7.11.
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7.4 Fort McMurray (lat: 56.65°N , lon: 248.78°E )

Figure 7.10: Variation of scintillation indices with MFAA (γ) for the years 2014 -
2020 at Fort McMurray station (top) and the variability associated with each of the
binned data (bottom).
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Figure 7.11: Variation of scintillation indices with MFAA (γ) and the associated
data variability but this time with σφ calculated after properly detrending the carrier
phase using dynamic Fresnel frequencies.
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This implies that the observed increase of σφ which was visible when the cut-off of

0.1Hz was used had been mainly due to contributions from refractive fluctuations in

addition to the contributions from the diffractive effects. This was also the case for

the elevation plots as well. The refractive contributions were removed by properly

detrending the carrier phase using new Fresnel frequency leaving only diffractive

variations in σφ index. In addition, do also note that none of the MFAA plots

had negative variabilities in the scintillation indices which show the robustness of

the approach employed. Nonetheless, it has to be pointed out that the standard

deviation bars show considerable overlap between the 0° − 65° interval implying

that the scintillation indices might not be all that different. The highest variation

occur for the lower MFAA values which could be attributed to the significantly

lower number of events observed at those values. S4 being confined to take values

between 0− 1 and σφ between 0− 2π, the overlap is therefore expected as the study

had dealt with scintillation events spanning a 6 year period where the events might

correspond to significantly different conditions in the ionosphere and scintillation

being a completely stochastic and random phenomenon, the occurrence of events with

same or close to same indices values are highly probable for different MFAA under

different ionospheric conditions. This has been captured by the standard deviation

bars that depict the variability associated with the data in each bin. Therefore

a direct comparison (based on individual case values) might not be possible when

dealing with statistical studies. In such cases, when we have to deal with indices

corresponding to a large number of temporally separated events with very different

ionospheric conditions, the mean values would give us the overall trend/behaviour

of the scintillation indices. For clarity, it is also worth mentioning that higher values

of elevation correspond to lower value of the Magnetic Field Aligned Angle (MFAA)

such that MFAA = 0° occurs when the elevation angle of the GPS satellite hits the

dip/inclination value at the receiver and the azimuth of the satellite becomes equal

92



to the magnetic declination value at the receiver. The maximum value of the angle

MFAA for a particular station occurs when the elevation angle becomes close to the

smallest value, i.e. equal to 30°.

The number of scintillation events in each of the bins is shown in Figure 7.12 for

the Fort McMurray station. Notice that lower MFAA values have significantly fewer

events as compared to higher MFAA values. This directly translated to fewer events

at higher elevation angles as compared to lower elevation angles. The reason is quite

obvious and has to do with the low orbit inclination of GPS satellites which makes it

difficult to have frequent high elevation passes as high latitudes. The situation was

the same for all the stations used in this thesis and hence only the histogram plot

corresponding to Fort McMurray is shown as an example.

Figure 7.12: Number of scintillation events for Fort McMurray station during the
2014− 2020 time period
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The procedure was repeated for other eight stations of CHAIN and the results for the

variation of scintillation indices with respect to MFAA along with the data variability

in each MFAA bin is shown in Figure 7.13. Only plots corresponding to MFAA and

those after proper detrending are shown since the importance of using MFAA over

elevation angle alone and proper detrending using new dynamical Fresnel frequencies

has been successfully demonstrated from the above discussions. Results are arranged

in ascending order of geographical latitude from (i) to (ix) for all nine stations of

CHAIN including the previously shown Fort McMurray station.

Figure 7.13: Variation of scintillation indices with MFAA for nine stations spanning
a period of 7 years between 2014 - 2020. Plots are arranged in ascending order of
geographical latitude starting at 56.65° and ending at 71.99°

It is observed that all the stations upto Arviat (ARVC) closely follow a similar trend

where the scintillation indices begin to peak as MFAA approached zero with S4

having an approximate mean value around 0.12 and σφ with an approximate mean
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value of 0.1 rad for all the stations considered. Coral Harbour and Sachs harbour,

which are stations with geographical latitudes higher than 64.18°, neither showed

this increase nor a pattern. This was because of the fact that these stations are at

such high latitudes, it is virtually impossible for the GPS satellites, given their their

orbital inclination, to reach such high elevations equalling or exceeding the dip angle

value at these stations. As we go higher and higher in latitude, the dip/inclination

angle value increases further such that the lowest MFAA value possible for such high

lying stations would be as high as 15° as is the case of Sachs Harbour (SACC) with

a geographical latitude of ∼ 72°. This absence in trend is however expected since

the stations with very high values of dip angle lack the availability of GPS data

corresponding to the MFAA = 0 case. Moreover, the results suggest that there is

no visible latitude dependence on the elongation of the field-aligned irregularities

since the variation of scintillation indices with MFAA for latitudes ranging between

56.65° − 71.99° follow a similar pattern in the sense that the average values of the

scintillation indices, S4 and σφ, are centered around 0.12 and 0.1 rad respectively,

when MFAA=0, for all the stations considered.

Another noticeable feature associated with the results shown had to do with the fact

that all of the stations had a significant refractive contribution to σφ index which were

removed by using appropriate Fresnel frequencies. This showed that the dependence

of σφ index on the geometrical variables is not that strong as had been concluded

by previously mentioned modelling studies especially that of [10] where the authors

looked into this problem by detrending the carrier phase using a cut-off threshold

of 0.1Hz. Had the authors tried to properly detrend the carrier phase using the

appropriate Fresnel frequencies, the results from their modelling study would have

closely aligned with the above shown data analysis results.

95



Chapter 8

Conclusion and Future Works

8.1 Summary

The phenomenon of scintillation and its dependence on the geometry of GPS signal

propagation had been the main focus of this thesis. The variables namely the

elevation and azimuth that specify the propagation geometry of GPS signals along

with the geomagnetic field components that dictate the orientation of the magnetic

field lines were unified into a single framework defined as the Magnetic Field Aligned

Angle (MFAA). This thesis, for the first time, had applied the concept of MFAA

to the geometrical problem of scintillation. Even though there had been previous

studies that had looked into the dependence from the elevation angle point of view,

a unified approach as has been presented in this thesis was never carried out before.

The work presented in this thesis also stands out due to the fact that this is the first

of its kind that had looked into the geometrical problem from a statistical point of

view which involved a large dataset spanning a period between 2014−2020, whereas

all other previous works were only case studies. In addition to all of this, this study

also enjoys the privilege of being the first study that had applied the concept of

proper detrending of GPS carrier phase to the geometrical problem of scintillation,
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using new dynamic Fresnel frequencies instead of the routinely used conventional

threshold of 0.1 Hz.

The Magnetic Field Aligned Angle (MFAA) was the main parameter used to study

the geometrical dependence of scintillation. The involved study dealt with GPS

data collected by the receivers of the Canadian High Arctic Ionospheric Network

(CHAIN). The data spanned a time period between 2014 and 2020 and involved

stations with latitudes ranging between 56.65° − 73.004°. Since the study was

concentrated at high latitudes, there was an increased chance of populating the

GPS carrier phase with deterministic refractive variations due to the conventional

approach of detrending the phase using a threshold of 0.1 Hz. The so induced

refractive variations can give a downright wrong outlook when it comes to the case

of using the phase scintillation index, σφ. Since σφ can encompass both the refractive

and diffractive fluctuations, it is very highly likely that σφ could be dominated by

refractive variations and the true effect of diffractive fluctuations might be suppressed.

This important point was kept in mind while conducting the study and proper care

was taken to remove all refractive variations from the GPS carrier phase. This was

done by properly detrending the carrier phase using Fresnel frequencies determined

from the amplitude spectra of each scintillation event. It was found that the so

obtained Fresnel frequencies deviated very much from the traditional cut-off of 0.1

Hz. The newly obtained frequencies were then used to detrend the phase of the

signal and hence to calculate the σφ index which was then free from all deterministic

refractive variations.

Chapter 6 dealt with the mathematical derivation and the methodology involved in

calculating the Magnetic Field Aligned Angle MFAA. MFAA was calculated for all

pairs of (elevation, azimuth) values of the satellite at the IPP location of 350 km and
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spread over the 2014− 2020 time period. The importance of calculating MFAA in

a co-ordinate/reference system is emphasized and results involving the calculation

of MFAA in two different co-ordinate systems namely the Earth Centered Earth

Fixed (ECEF) and the North-East-Down (NED) systems are shown that depicts the

equivalence between the results of both co-ordinate systems. Chapter 7 discussed

the results of the study. The importance of proper detrending of carrier phase at

high latitudes using Fresnel frequencies obtained form the amplitude spectra of each

scintillation event is shown with examples. The methodology involved in filtering

out noise from the scintillation data is shown wherein a distribution of S4 values was

constructed for the available data and the noise floor of the receiver was chosen to be

at that point that fell below the S4max + σS4max threshold where S4max represented

the mode of S4 value of the distribution and σS4max corresponded to one standard

deviation with respect to the peak value. Anything above this threshold was chosen

to be a scintillation event.

Further analysis showed that both the scintillation indices, σφ and S4, exhibited an

increase when the satellite ray path was parallel to the geomagnetic field vector.

This occurs when the elevation angle hits the inclination/dip angle at the receiver’s

location or in other words when MFAA =0. This increase in the average value of the

scintillation indices could be explained by assuming that the F-region ionospheric

irregularities were extended along the field direction thereby causing an increase in

the traversed path length. These results suggesting that the ionospheric irregularities

are elongated along the geomagnetic field confirms the results of [5, 47] but contradicts

that of [40] where it was concluded that irregularities are extended in the direction

perpendicular to the magnetic field. Moreover, it was also noted that this behaviour

was only visible at those stations where the GPS satellites were able to attain or

exceed elevation values equal to the inclination value corresponding to that station’s
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location. For stations where this condition could not be met, for instance Coral

Harbour and Sachs Harbour, no such trend was observed.

In addition, special care was taken to address the dominance of refractive variations

in the σφ index at high latitudes. For all scintillation events found, the phase of the

carrier was detrended using cut-off frequencies obtained from the amplitude spectra

of each of the associated events instead of following the conventional practise of using

0.1 Hz as the threshold frequency. This procedure was able to successfully remove the

refractive variations from the GPS phase leaving behind diffractive fluctuations in the

signal and hence in σφ. The results indicated, in addition to the observed increase in

the scintillation indices when MFAA approached zero, that the stronger dependence

of the phase scintillation index, σφ, on the geometrical variables when compared to

the S4 index was mainly because of the contributions from the refractive fluctuations

induced in the signal phase. This was in strong contradiction to previously conducted

studies on this topic especially those of [10, 40]. It is hereby emphasized that the

contradiction between the work presented here and the earlier studies arose from

the fact that all previous studies used the conventional threshold frequency of 0.1

Hz in order to detrend the carrier phase at high latitudes. This had led refractive

variations to gain the upper hand over the diffractive fluctuations in the σφ index

thereby giving rise to the dominant behaviour of σφ. This artifact was successfully

removed when proper Fresnel frequencies were used to detrend the GPS carrier phase

and in calculating the σφ.
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8.2 Future Works

The procedure outlined in this study along with the results could be used as the

stepping stone for all upcoming modelling studies that aim to model the geometrical

behaviour of scintillation. This would help in studying and deducing various ionospheric

irregularity parameters which are responsible for scintillation thereby helping to shed

new light in terms of the physics of scintillation. Moreover, it is also worth mentioning

that the exact procedure could be extended to a still larger dataset including a full

solar cycle period which could then be used to study the geometrical problem in the

context of solar activity. This would allow one to look into the geometrical problem

when the effects of the solar activity/cycle is included.

Given the wide range of MFAA angles and conditions captured by GPS satellites,

it is of great interest to conduct an investigation on the sensitivity of MFAA on

plasma instabilities using GPS data. This would help in providing information on the

instability mechanisms responsible in generating scintillation producing structures in

the ionosphere. It has been shown in this thesis that the MFAAs possible using GPS

satellites at high latitudes can vary over a wide range starting from 0° and going

up to 63° depending on the station and its latitude involved thereby opening up the

gateway for the aforementioned investigations. In addition, a similar large scale study

as administered in this thesis, but this time assuming that the irregularities are in the

E-region, could to be conducted in order to figure out whether its possible to obtain

the same trend in the scintillation indices with MFAA. This might help to resolve

outstanding issues related to where the scintillation forming structures are mostly

concentrated in high latitude ionospheres. The trend shown by the scintillation

indices with respect to MFAAs especially when MFAA approached zero should help

in shedding light on the instability mechanisms that had given birth to such field

aligned irregularities, which could be of interest for a future work involving modelling
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studies. Furthermore, dependence of MFAA on the velocity of scintillation forming

irregularities using GPS data is something of great interest in the future. Previous

studies which had looked into this dependence but using radar measurements in the

ionospheric E-region include [12, 31, 37] and the references therein. These studies

however used the angle between the LOS wave vector and the plane perpendicular

to the magnetic field, also called the magnetic aspect angle, to study the dependence

which is different from the MFAA angle γ which has been defined in this thesis.

A direct comparison between the results obtained in the aforementioned references

with that in this thesis however is not possible since all their results and discussions

have been confined to aspect angles which were below 15° and mostly concentrated

in the 0°− 3° domain which translates to MFAA angles in the 87°− 90° range. Note

that these values of MFAA are too high to observe at high latitudes due to the

inclination of the GPS satellites. However, the Millstone Hill radar facility which

has a high geometric field of view including aspect angles from 0° to > 20° [12] makes

it an interesting candidate to use along with the GPS to uncover interesting physics

where these data might coincide given the fact that such high aspect angle values

correspond to MFAA values that are well within the reach of GPS satellites at high

latitudes.
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