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Abstract

The ionosphere is a complex and highly variable physical system with the F-layer, which
occupies at the highest altitude, contains the greatest concentration of free electrons. Under
the extreme circumstance of the ionosphere such as in the periods of high solar activity or
magnetic storms or simply in the equinoctial months each year, this layer is very often
disturbed. During the disturbances, the small-scale irregularities develop and disperse
microwave radio signals, and thus generate rapid fluctuations in the amplitude and phase of
satellite signals. This phenomenon causes the ionosphere to be scintillated and is called
ionospheric scintillation. The impacts of scintillation cannot be mitigated by the multi-
frequency technique that is very effective when dealing with ionospheric delay.
Consequently, ionospheric scintillation is one of the most significant threats for space
geodetic techniques, especially for stations operating in the polar regions or areas near the

equator.

To study ionospheric scintillation, alternative methods have been proposed including the
method of using high-rate receivers to directly output S4 index over Vietnam region and the

method of using standard GNSS dual-frequency to calculate ROTI index on a global scale.

Main results of this thesis are the temporal variations of total number electron (TEC) in
Southeast Asia for eleven consecutive years and the appearance characteristics of scintillation
over this area as well as globally during solar cycle 24 (SC24). For space geodesy,
electromagnetic waves are most vulnerable in the equatorial ionization anomaly (EIA) as this
region has many potential risks of errors for satellite signals. The research area (Southeast
Asia) is also located entirely within the EIA. In this thesis, the temporal - latitudinal VTEC
maps have been established to study the modifications of EIA’s structure. Thereby, the
featured occurrence of EIA crests in Southeast Asia is revealed. Also, the global morphology
of anomaly crests averaged over 11-year period shows the worldwide distribution of EIA

crests during SC24.

Throughout the thesis, the high consistency between the state of the ionosphere and the
activity status of the Sun is evidenced by high correlations between VTEC and solar indices.
In which, the radio flux index (F10.7 cm) is proved to be more agreeable to the VTEC
development than the sunspot number (SSN). The behaviour of the ionosphere during intense
magnetic storms is also investigated. The results show that the structure of EIA is often highly

volatile during these severe ionospheric conditions.






Zusammenfassung

Die Ionosphére ist ein komplexes und hochvariables physikalisches System, wobei die am
hochsten gelegene F-Schicht die hochste Konzentration an freien Elektronen enthilt. Unter
den extremen Bedingungen der lonosphire, wie beispielsweise in den Perioden hoher
Sonnenaktivitit oder magnetischer Stiirme oder einfach in den Aquinoktialmonaten eines
jeden Jahres, ist diese Schicht der Ionosphédre héufig gestort. Wahrend der Storungen
propagieren und zerstreuen die kleinrdumigen UnregelmaBigkeiten Mikrowellen-Radiosignale
und erzeugen so schnelle Schwankungen in der Amplitude und in der Phase der
Satellitensignale. Dieses Phdanomen fiihrt zu einer Szintillation der Ionosphére und wird oft
als ionosphirische Szintillation bezeichnet. Im Prinzip konnen die Auswirkungen der
Szintillation nicht durch die Mehrfrequenztechnik verringert werden, die bei der Behandlung
der ionosphérischen Verzogerung sehr effektiv ist. Aus diesen Griinden ist die ionosphérische
Szintillation eine der grofiten Herausforderungen fiir geoditische Weltraumtechniken,
insbesondere fiir Messstationen, die in den Polarregionen oder in dquatornahen Gebieten

einschlieBlich Stidostasiens arbeiten.

Zur Untersuchung der ionosphirischen Szintillation wurden alternative Methoden
vorgeschlagen, darunter die Methode der Verwendung von Hochfrequenz-Empfangern zur
direkten Ausgabe des S;-Index {iber der Region Vietnam und die Methode der Verwendung
der standardmiBigen GNSS Zweifrequenzmessungen zur Berechnung des ROTI-Index zur

Untersuchung ionosphérischer UnregelméBigkeiten im globalen MaRstab.

Die Hauptergebnisse der Arbeit beinhalten die zeitlichen Variationen des
Gesamtelektroneninhalts (total electron content, TEC) in Siidostasien fiir elf aufeinander
folgende Jahre und die Erscheinungsmerkmale der Szintillation wihrend des 24.
Sonnenzyklus (SC24) sowohl iiber diesem Gebiet als auch auf globaler Ebene. Fiir die
Weltraumgeodidsie sind elektromagnetische Wellen in der &dquatorialen Anomalie der
Ionosphére (equatorial ionization anomaly, EIA) am anfilligsten, da diese Region viele
potenzielle Fehlerrisiken fiir Satellitensignale aufweist, welche bei der Ubertragung aus dem
Weltraum die Ionosphire durchqueren. Das Forschungsgebiet (Siidostasien) befindet sich
ebenfalls vollstindig innerhalb der EIA. In dieser Arbeit wurden die zeit und
breitenabhidngigen Karten des VTEC erstellt, um die Verdnderungen der Struktur der EIA zu
untersuchen. Dabei wird das charakteristische Vorkommen von Kdmmen der EIA-Anomalie

in Stidostasien offen gelegt. AuBerdem zeigt die globale Morphologie der Anomalie-Kdamme,



gemittelt liber einen Zeitraum von elf Jahren, die weltweite Verteilung der EIA-Kdmme

wiéhrend des SC24.

Der starke Zusammenhang zwischen dem Zustand der Ionosphire und dem
Aktivititszustand der Sonne wird durch hohe Korrelationen zwischen dem VTEC und den
Sonnenindizes einschlieBlich der Sonnenfleckenzahl (sunspot number, SSN) und dem
Radioflussindex F10,7 cm belegt. Auch das Verhalten der lonosphére wihrend intensiver
magnetischer Stiirme wird untersucht. Die Ergebnisse zeigen, dass die Struktur der EIA unter

diesen extremen ionosphérischen Bedingungen haufig sehr volatil ist.
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Introduction

1. Introduction

1.1. Overview

1.1.1. Motivation and research objectives

For all space geodetic techniques that are currently in use, including GNSS (Global
Navigation Satellite Systems), VLBI (Very Long Baseline Interferometry), SLR (Satellite
Laser Ranging), and DORIS (Doppler Orbitography and Radio-positioning Integrated by
Satellite), all measurements travel through the ionosphere. Therefore, their accuracy depends
mainly on the very complex physical fluctuations of the ionosphere. The ionosphere is a
dispersive medium for satellite signals operating in the microwave band with a basic
principle: signals travelling through this medium are to the first approximation affected
proportionally to the inverse of the square of their frequencies [Alizadeh et al., 2011]. As a
consequence, the basic characteristic index of the ionosphere is the Total Electron Content
(TEC) can be determined from the observations of these techniques. Research on TEC is a
powerful way to help ionospheric scientists to grasp the rules of ionosphere variations,
thereby improving the accuracy and also the efficiency of space geodetic techniques

applications.

The ionosphere covers the region between approximately 50 and 1500 kilometres above
the Earth’s surface and is characterized by the presence of a significant number of free
electrons and positively charged atoms and molecules called ions. The spatial and temporal
dynamics of the ionospheric fluctuations depend on geophysical conditions e.g., solar and
geomagnetic activities, season, time of day, geographical locations. The impact on the signals
travelling from satellites through the ionosphere to receivers located on or near the Earth’s
surface is a function of the carrier frequency and the electron density along the signal path.
Currently, each GNSS satellite transmits information for positioning on multi-frequency L1,
L2, L5, or L6 bands. Among them, under most extreme ionospheric conditions, the
ionospheric path delay at L1 may reach up to about 100 meters for low satellite elevation
observations [El-naggar, 2011]. The basic GNSS observables are the so-called pseudo-range
(or code) and the carrier phase. Both may be viewed as biased measurements of the slant
range between a receiver and a satellite. Due to the dispersive nature of the ionosphere,
ionospheric effect can be almost eliminated by forming the so-called ionosphere-free linear
combination (LC) of simultaneous L1 and L2 measurements. By analyzing the so-called

geometry-free LC, the difference between the L1 and L2 observable expressed in units of
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length allows extracting information about the electron density from dual-frequency GNSS
data. From the important role of TEC variations in applications of space geodetic techniques,
in this thesis, we calculate TEC from GNSS data obtained at all available IGS stations located

in the study area. This is the first research goal of the thesis.

From geodetic perspective, the ionosphere not only has the danger of TEC fluctuations, it
can also cause many other sources of error such as ionospheric storms, lonospheric
Scintillation (IS), Sudden Ionospheric Disturbance (SID), Travelling Ionospheric Disturbance
(TID),... Among them, ionospheric scintillation which is defined as the rapid modification of
radio waves caused by small-scale structures in the ionosphere is one of the most
unpredictable and ominous errors. While the errors due to TEC can be controlled and
eliminated by the simple technique of using multi-frequency receivers, ionospheric
scintillation has a more complex law of activity. In principle, the technique of using dual-
frequency measurements cannot detect or remove this kind of error. Ionospheric scintillation
can also be determined from TEC, but with the essence of the irregularities in the density and
movement of free electrons in the ionosphere, its appearance and intensity also depend on
other factors such as operating frequency of devices, geographic location, time (day or night,
season, l1-year solar cycle), and the state of the Earth’s magnetic. Ionospheric scintillation
has been meticulously studied over the past several decades, but there are still research gaps
due to the fact that in order to study it, special GNSS receivers which often work at a very
high sampling rate are required. This kind of receiver is rather expensive and not as widely
available as the standard dual-frequency receivers. In Vietnam, with the cooperation between
the Institute of Geophysics, Vietnam Academic of Science and Technology (VAST) and
Universities of Rennesl and Telecom Bretagne in France, three scintillation receivers have
been installed and located evenly in three parts (the northern part, the middle part, and the
southern part) of the country. With the data provided by VAST in two years 2009 and 2015,
we study the occurrence characteristics of scintillation activity over Vietnam area. That is the
second goal of this research. However, in the absence of scintillation receivers, we can still
use observations from standard dual-frequency GNSS receivers to detect scintillation error.
These methods are becoming more and more widely used today as the global and dense
availability of normal GNSS receivers. Therefore, propose alternative methods for detecting

ionospheric scintillation is also one of the research goals.
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Concerning ionospheric scintillation error, equatorial area is known as one of the most
affected areas in the world. This is the region where the ionosphere often experiences the
most extreme and abnormal variations. It is, hence, called the Equatorial Ionization Anomaly
(EIA). It is well known that the EIA is characterized by an electron density trough at the
magnetic equator, and two crests of enhanced electron density at about +15° magnetic
latitudes. The main driver of the EIA is the fountain effect. In the equatorial zone, there are
different physical processes producing changes in the structure of EIA as field aligned plasma
transport due to transequatorial neutral winds, photochemical processes produced by neutral
composition effects,... For that reason, EIA research has become an interesting subject for

space science, and so it is one of the next goals in my research.

Southeast Asia, with the almost areas located within the EIA region, is the main study area
of this thesis. The main research data is all GNSS measurements collected at all available IGS
stations (including 16 stations) in the research area plus the scintillation data over Vietnam
region in two years 2009 and 2015. The study period is a full 11-year of solar cycle 24 (SC24)
starting from the beginning of 2007 to the end of 2017. Such a sufficiently long study period
can provide results that generalize the variations of TEC and ionospheric scintillation both in
short and long term. In particular, the daily, monthly, seasonal, and annual variations of TEC
and scintillation activity over the research area will be considered. Also from the results of

TEC calculation for 11 consecutive years, we can present in details the progress of SC24.

On a global scale, the irregularities of the ionosphere will also be investigated by preparing
the ionospheric irregularities maps using ROTI (Rate Of TEC Index) index. Meanwhile, the
temporal - latitudinal TEC maps will be established from RINEX (Receiver INdependent
EXchange format) or IONEX (IONosphere map Exchange) files to study the occurrence
characteristics of EIA crests. These are the next two missions of my research. Besides, during
severe conditions, the ionosphere can occur with abnormal and unpredictable states. The
specific behaviour of the ionosphere during the intense geomagnetic storms of SC24 will be

revealed from the exploitation of this map.

So far, two basic indicators that have been used primarily to study ionospheric scintillation
are the S4 index (obtained directly from the scintillation receivers) and the ROTI index (that
can be calculated from the normal GNSS measurements). The correlation between these two
indices is of great concern, therefore in this thesis, I will assess the compatibility between

them by calculating the correlation coefficients at those stations having both types of data.
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In overall, there are seven goals of this PhD project, they include:

Analysis of TEC variations at seven IGS stations (KUNM, NTUS, BAKO, XMIS, HKSL,
CUSV, PIMO) during the 11-year period of solar cycle 24.

Propose alternative methods to detect scintillation error in the ionosphere from GNSS

measurements.
Study the occurrence characteristics of scintillation activity over the Vietnam area.
Produce regional and global ionospheric irregularities maps.

Study the correlation between ROTI and S; to show up the ionospheric disturbances

during strong geomagnetic storms.
Produce temporal - latitudinal VTEC maps from RINEX and/or IONEX files.

Determine the characteristics of peak EIA crest (including time, position and amplitude) at

the position of 105°E longitude (Southeast Asia area).

1.1.2. Thesis outline

This thesis consists of 151 official pages excluding other sections, 110 figures, and 18 tables.

The thesis is divided into seven chapters and from Chapter 2, at the end of each chapter, there

is a section that summarizes the main contents of that chapter. The basic contents and main

objectives of the chapters are identified as follows:

Chapter 1 with 4 headings, 20 pages, 3 figures, and 1 table is the general introductions of
the PhD project including the motivation and goals of the research (Section 1.1). After
that is the introduction of the ionosphere as one of the layers of the atmosphere (Section
1.2). The main research object of this thesis is the ionospheric scintillation phenomenon
will be presented in Section 1.3. And Section 1.4 will introduce other phenomena related

to ionospheric turbulence that can affect the quality of electromagnetic wave propagation.

Chapter 2 consists of 5 headings, 19 pages, 9 figures, and 1 table. The main target of this
chapter is to develop a program that can calculate some ionospheric disturbances
parameters from GNSS measurements. The content of this chapter is divided as follows:
Section 2.1 will summarize the formulas and methods to calculate TEC from GNSS
measurements; Section 2.2 will propose alternative methods for detecting ionospheric
scintillation error in the GNSS observations; Section 2.3 will introduce and develop a

software tool to calculate some basic parameters of the ionosphere like STEC, VTEC,
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VTEC gradient, ROT, ROTI, Sa,... Section 2.4 will present some results calculated at two
stations POTS and BAHR. Section 2.5 will be the summary of the chapter.

The next chapter (Chapter 3) comprises 6 headings, 36 pages, 36 figures, and 6 tables.
The main research content of this chapter is the temporal variations of TEC over the
Southeast Asia region during the period of SC24. The first section of the chapter will give
a short introduction of the solar cycle and also the research area, study period and usage
data of the PhD project. Section 3.2 to Section 3.4 will respectively take into account the
daily, monthly, and annual variations of TEC. Section 3.5 will study on the correlations
between TEC results and the solar indices during the study period and the last section will

be the summary as usual.

Chapter 4, just as its name, will study the occurrence characteristics of ionospheric
scintillation over Vietnam region. This chapter includes 5 headings, 21 pages, 17 figures,
and 3 tables. In particular, the headings are divided as follows: Section 4.1 will introduce
the type of equipment used in this chapter including three scintillation receivers (namely
GSV4004B) located evenly through the Vietnam region. Section 4.2 will propose a filter
formula that can detect and remove multipath error out of the observations obtained from
the GSV4004B receiver. Sections 4.3 and 4.4 will, in turn, study the temporal and spatial

distributions of ionospheric scintillation.

Chapter 5 with the creation of regional and global ionospheric irregularities maps, the
ROTI index will be primarily used to study the irregularities of the ionosphere over the
Southeast Asia region and globally. It is composed of 4 headings, 16 pages, 13 figures, and 3
tables with the following basic contents: Section 5.1 will first put forward some
advantages of ROTI index in studying ionospheric scintillation. The following section will
establish ionospheric irregularities maps over the Southeast Asia area during the period
that the ionosphere is highly disturbed. Meanwhile, in Section 5.3, the spatial and
temporal distributions of ionospheric irregularities will be revealed on a global scale for

the first time.

Chapter 6 studies on the EIA covers 4 headings, 30 pages, 32 figures, and 4 tables. Its
content is divided as follows: Section 6.1 will introduce the temporal - latitudinal TEC
map and the method to study the EIA region. Section 6.2 will investigate the case of the
strongest geomagnetic storm in SC24 happened on March 17™ 2015. Section 6.3 will
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present the temporal - latitudinal (mean monthly) TEC maps over the Southeast Asia
region for the period of 2007 - 2017, from that, study the characteristics of seasonal and

annual appearance, location and amplitude of EIA crests.

= The last chapter is the summary and conclusions which indicate the new findings and the
most significant results of the thesis. Besides, the outlook and further open studies after

this thesis are also outlined.

1.2. The ionosphere
1.2.1. The structure of the ionosphere

Concerning the propagation of electromagnetic waves in space, the atmosphere is divided into
two main layers including the troposphere and the ionosphere. In which, the ionosphere is the
region where the atmosphere is ionised by incoming solar radiation. This layer increases in
thickness and moves closer to the Earth during daylight and rises at night allowing certain
frequencies of radio communication over a greater range [Solomon et al., 2015]. For space
geodetic techniques, the ionosphere has the most potential sources of error for
electromagnetic waves travelling from space to receivers placed on the ground (ground-based
measurements) or space near the surface of the Earth (space-based measurements). Therefore,
it is the object of special interest in this field. The ionosphere is the upper part of Earth's
atmosphere between approximately 50 km and 1500 km where sufficient electrons and ions
are present to affect the propagation of radio waves. The source of the ionosphere is from the
Sun and ionospheric activity is primarily associated with solar activity such as solar wind,
solar flares, Coronal Mass Ejection (CME), coronal holes,... When these solar disturbances
are more frequent, it could lead to geomagnetic storms, and then the disturbances in the
ionosphere are more frequent. The electron density correlates with several physical properties
of the Earth and the Sun, resulting in a strong variability in space and time. The essential
characteristic of the ionosphere is the number of Total Electron Content (TEC) which is
defined as the integral of the electron density along the ray path between satellite and
receiver. By this definition, TEC provides the number of electrons per square meter and it is
strongly affected by solar activity. TEC has the unit of TECU with 1 TECU = 1x10'
electrons/m”. TEC is significant in determining the scintillation, group and phase delays of a
radio wave through a medium. For the propagation of microwave signal, the greater the total
number of electrons on the signal path, the greater the time delay [Space Weather Services,

Bureau of Meteorology, Australia Government]. According to altitude, the ionosphere is
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divided by different layers including D, E, F;, and F, as indicated in Figure 1.1 with each
layer has a different number of electron density (as can be seen in Table 1.1). Among them,

the F,-layer located directly below the F>-layer shows large variations that correlate with the

relative Sunspot number [Seeber, 2003].

Layers of the ionosphere *

=
E]
3

© 2012 Encyclopadia Britannica, Ing.

Figure 1.1. Source and the division of layers in the ionosphere

As shown in Figure 1.1, at night the ionosphere consists of only two layers of E and F,
while during the daytime, the D layer appears and the F layer divided into two layers of F;
and F,. At night, the F layer is the only layer of significant ionization present, while the
ionization in the E and D layers is extremely low. During the daytime, the D and E layers
become much more heavily ionized, as does the F layer, which develops an additional,
weaker region of ionisation known as the F, layer. The F, layer persists by day and night and

is the main region responsible for the refraction and reflection of radio waves [Wikipedia].

Table 1.1. Electron density of the main ionospheric layers [Thomas Hobiger, 2006]

Layer Extent Electron density (electrons / m”)
D 60 - 95 km 10°- 10"
E 55-150 km several 10"
Fy 160 - 180 km several 10'' - 10"
F, max. around 300 km up to several 10"

1.2.2. The variations of the ionosphere

Since the ionosphere is ionized by solar radiation, its modifications are somewhat similar to
the temperature and indeed, on a global scale, the electron density of the ionosphere is the
greatest in summer, at noon and over the equator. Nonetheless, the variability of the

ionosphere is not only that, due to the EUV radiation, that follows the solar cycle, the
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ionosphere varies much more than this. The variation of the ionosphere depends on
geographic location, time, Earth's magnetic field and is driven by the 11-year solar cycle
(including solar activities, solar rotation, solar wind, and ionospheric storm). For the signal
propagation point of view, the characteristics of the ionosphere also depend on the operating
frequency. The variations of the ionosphere can be divided by temporal and spatial variations.
The temporal variations of the ionosphere can be classified by diurnal, seasonal, and annual
variations. Meanwhile, the spatial variations comprise vertical structure and latitudinal
variations. Vertical structure including different layers such as D, E, F, and F, as presented
earlier. Latitudinal variations are due to the effect of the solar zenith angle (as with the
seasonal variations) and its influence is often divided by different latitude regions including
equatorial region, mid-latitude region, and high-latitude region. Basic characteristics of the

variations of the ionosphere can be briefly summarized as follows:

Diurnal variation: as the air temperature varies following the 24-hour cycle, this variation
occurs throughout the day, following the apparent movement of the Sun. It affects the D, E
and F, layers depending on the solar activity, and the solar zenith angle over the location. As
the E layer is often considered to vanish at night, it has little effect on radio transmission.
Meanwhile, the F;-layer variation is the most complex, because of its day and night survival
characteristics as well as its highest electron density compared to the other layers of the

ionosphere.

Seasonal variation: in winter, the Sun is always lower over the horizon than in summer.
This affects the critical frequencies of the D, E and F-layers, that is greater in summer than in
winter. But this i1s the opposite for the F,-layer at mid-latitudes, which shows a greater
variation in winter. This difference is known as the “mid-latitude seasonal anomaly”

[Rishbeth, 2000].

Annual variation: depends heavily on the solar cycle. The ionosphere is often highly
volatile during years of high solar activity and less during years of weak solar activity. Its
long-term behaviours are highly consistent with the solar indices such as the sunspot number
(SSN index) or the radio flux index F10.7 cm. From geodetic viewpoint, the variations of the
ionosphere can be investigated by the variations of TEC. This issue will be specifically
studied in Chapter 3 when considering the temporal variations of TEC over the South East

Asia region.
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For latitudinal variations, the size and variability of electron density are largest in
equatorial and polar regions. In mid-latitudes, the ionosphere is the least variable and electron
density only fluctuates rapidly during geomagnetic storms. Usually, equatorial region can be
characterized by the highest values of TEC and the peak electron density with the most
pronounced amplitude and phase scintillation effects. One of the basic physical characteristics
of this region is the fountain effect which is the combined effect of the high radiation level
from the Sun, the electric and the magnetic fields of the Earth. These effects cause the
electrons rising and moving along the horizontal lines of the magnetic field. The electrons
travel as far as the geomagnetic latitudes of about 10° to 20° causing the high concentration of
electrons, thus this region is often called equatorial anomalies. In this area, scintillation effect

often has its greatest amplitude.

1.2.3. Effects of the ionosphere on the propagation of electromagnetic waves

As introduced in the previous sections, the ionosphere is an electromagnetic wave dispersion
medium leading to signals being transmitted through this medium are delayed in both group
and phase observations. The error due to the effect of the ionosphere on electromagnetic wave
transmission is one of the most fundamental and significant sources of error and this error
needs to be considered carefully when applying space geodetic techniques. In this section,
background knowledge of microwave signal propagation is presented in order to comprehend

the problem of ionospheric delay in space geodesy.

1.2.3.1. Phase and group velocity

Consider a single electromagnetic wave propagating in space with wavelength A and
frequency f. The velocity of its phase is then [Wells, 1974]:

Vpn = AXf (1.1)
with v, is denoted as phase velocity. For GNSS, the carrier waves L/ and L2 are propagating
with this velocity. For a group of waves with slightly different frequencies, the propagation of
the resultant energy is defined by the group velocity [Hofman-Wellenhof et al., 2000]:

Vgr = —%xiz (1.2)
This velocity has to be considered for GNSSS code measurement. The relation between

phase and group velocity [Alizadeh et al., 2013] is:

av
Vgr = Vpp — A= (1.3)
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Note that phase and group velocity are equal in non-dispersive media and correspond to the
speed of light in vacuum (c). The wave propagation in a medium depends on the refractive

index (n). Generally, the propagation velocity is obtained from:

C

v=- (1.4)
Applying this expression to the phase and group velocity, we get appropriate formulas for

the corresponding refractive indices npy, and ng:
c Cc

Vpp = — Vgr = — 1.5
ph pn agr ngr ( )

From that, we find out the modified Rayleigh equation as follows:

dnph
ai

Ngr = Npp — A (1.6)

A slightly different form is obtained by differentiating the relation c=A.f with respect to 4
and f, that is:

i _ _df
T=" (1.7)
By substituting the result into (1.6) we have:
an
Ngr = Npp + prh (1.8)

To the effect due to the ionosphere, when N, increases, the group velocity slows down and

the phase velocity speeds up to keep their product a constant.

1.2.3.2. Ionospheric refraction

Following [Seeber, 1993] the refractive index np, can be described as a series as follows:

_ C2 C3 Cyq
Tl.ph—1+f—2+f—3+F+“‘ (19)

Therein, the coefficients ¢, c¢3, c4... do not depend on frequency but the quantity N,
denoting electron density or the number of electrons per cubic meters along the propagation

path. We use an approximation by cutting off the series expansion after the quadratic term:

nph=1+;—22 (1.10)
differentiating this equation:
dnphz—%df (1.11)
By substituting equations (1.10) and (1.11) into equation (1.8) we obtain:
ngr=1—% (1.12)

It can be seen that from equations (1.10) and (1.12), the group and phase refractive indices

deviate from unity with opposite sign. With an estimation of ¢, [Seeber, 1993] as:
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c2= - 40.3xN, [HZ’] (1.13)
From that, we gain the group refractive index:
nion =1 4+ 40.3% (1.14)
and phase refractive index:
nigt =1-— 40.3% (1.15)

The relation ng,.> ny;, and thus vg,. < vy, follows because the electron density N, is always a
positive number. As a consequence of the different velocities, a group delay and a phase
advance occur. In other words, GNSS code measurements are delayed and the carrier phases
are advanced. Therefore, the code pseudo-ranges measured are longer and the carrier phase
pseudo-ranges measured are shorter compared to the geometric distance between the satellite
and the receiver. However, the amount of the difference is the same in both cases [Holfmann-
Wellenhof et al., 1993].

The first order refractive index only accounts for the electron density within the
ionosphere, while the effect of the Earth’s magnetic field and its interactions with the
ionosphere are considered in higher-order terms. For precise satellite positioning, these terms
have to be considered as they may produce an ionospheric delay error of up to a few

centimetres [ Brunner and Gu, 1991; Bassiri and Hajj, 1993].

1.2.3.3. Ionospheric time delay and phase lead

According to Fermat’s principle [Born and Wolf, 1964], the measured range s is defined by:

s = [nds (1.16)
where the integration is performed along the path of the signal. The geometric distance sy
between the satellite and the receiver may be obtained analogously by setting n=1:

So = [ dsg (1.17)

The delay (or advance) experienced by signals travelling through the ionosphere is the
difference between the measured and geometric range. This is called the ionosphere delay or

ionospheric refraction:

29" = [ nds — [ ds, (1.18)
In the first-order approximation, the ionospheric delay for phase measurements is:
APl = —%fzvedso (1.19)
and the group delay is:
AP = “If—f [ N.ds, (1.20)
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Actuality, ionospheric delay still contains the second and the third-order delays but they
are not mentioned here. As an essential, the first, second and third orders of ionospheric delays
require the distribution of the electron density (N,) along the ray path. The integral of the
electron density along the ray path is defined as TEC and it represents the total amount of free
electrons in a cylinder with a cross-section of one square meter [Schaer, 1999]. TEC is
measured in Total Electron Content Unit (TECU) with 1 TECU equivalents to 10'
electron/m’. For an arbitrary ray path, the slant TEC (STEC) can be obtained from:

STEC = [ N,(s)ds (1.21)
where N, is the electron density along with the light of sight (ds).

Using equation (1.21), the relation between the total electron content in TECU and
ionospheric delay in meters can be obtained. Taking equation (1.19) into account for the carrier

phase measurements we acquire:

40.3

Ap;",{‘ = =5 STEC [m] (1.22)
in the case of group delay measurements, the result is the same, but with the opposite sign:
- 40.3
Ap;;r" = FSTEC [m] (1.23)

The ionospheric path delay in meters per one TECU, related to a certain frequency (f) in HZ:

_ 40.3.1016
——

9

[m/TECU] (1.24)

In actual use, TEC along the vertical at the given location should be taken into account.
Since GNSS basically provides measurements of STEC, an elevation-dependent mapping
function is required which describes the ratio between the STEC and the vertical TEC (VTEC).
This mapping function is necessary to convert from STEC to the corresponding VTEC, its

specific formula will be presented in Section 2.1.3.

1.2.3.4. Dealing with ionospheric delay

From the signal frequency dependence, the use of dual-frequency measurements can eliminate
the effect of ionospheric delay by more than 99.9% [Navipedia]. In the case of using single-
frequency receivers, this error can theoretically reach up to dozens of meters [Rovira-Garcia,
2020], so we have to apply an ionospheric prediction model. One of the most popular models is
Klobuchar which can correct about 50% of ionospheric delay [Navipedia]. The most important
parameter of the ionosphere affecting GNSS signal is TEC. It can be derived from equations
(1.22) or (1.23). So far, there are different ways to handle ionosphere delays, they can be listed
as follows from [Alizadeh et al., 2012]:

- Modelling TEC using physical and empirical models such as:
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o Klobuchar model
o NeQuick model
o IRI (International Reference lonosphere ) model
o GAIM (Global Assimilative Ionospheric Model) model
o MIDAS (Multi-Instrument Data Analysis System) model
- Eliminating the effect of TEC including:
o Eliminating first order of ionospheric effects in GNSS measurements
o Eliminating higher-order of ionospheric effects in GNSS measurements
o Using multi-frequency observations
o Using the VLBI technique
- Estimating TEC using different space geodetic techniques:
o Determining TEC from GNSS observations
o Obtaining TEC from satellite altimetry measurements
o Estimating TEC from LEO satellite data
o Determining ionospheric parameters from VLBI data
o Acquiring ionospheric information from DORIS

o Combination of different space geodetic techniques.

1.3. Ionospheric scintillation phenomena

The ionosphere is a complex and highly variable physical system, therein the F-layer contains
the greatest concentration of free electrons. When this layer becomes disturbed and the small-
scale irregularities develop, it will disperse radio waves and generate rapid fluctuations in the
amplitude and phase of radio signals. Amplitude scintillation as a short-term fading can be so
severe that signal levels drop below a GNSS receiver’s lock threshold, meanwhile, phase
scintillation which is characterized by rapid carrier-phase changes can produce cycle slips and
sometimes challenge a receiver’s ability to hold a lock on the signal. As mentioned in Section
1.1.1, unlike ionospheric delay, the impacts of scintillation cannot be mitigated by the dual-
frequency technique. For these reasons, it is one of the most significant threats for space
geodetic techniques, especially for stations operating in the areas near the equator or the polar

regions.

To determine the impacts of ionospheric scintillation on space geodetic techniques, it is
important to clearly understand the location, magnitude and frequency of occurrence of

scintillation effects. Scintillation activity is most severe and frequent in and around the
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equatorial regions, particularly in the hours just after sunset. In high latitude regions,
scintillation is frequent but less severe in magnitude than that of the equatorial regions.
Scintillation is rarely experienced in the mid-latitude regions, nonetheless, during the intense
geomagnetic storms, ionospheric scintillation can occur suddenly at any time of the day and
lead to the risk of declining accuracy for all applications of space geodetic techniques [SBAS
Tonospheric Working Group]. In this section, some basic features of ionospheric scintillation
such as definition, classification, global appearance characteristics, level of influence on
electromagnetic waves, and ionospheric scintillation models will be presented in turn.

Methods to detect ionospheric scintillation errors will be introduced in Chapter 2.

1.3.1. Definition of ionospheric scintillation

Ionospheric scintillation is defined as a relatively rapid fluctuation of the amplitude-phase of
the radio signal and is mostly caused by irregularities in the ionosphere electron density along
the path that the signal propagates [Space Weather Services, Bureau of Meteorology,
Australia Government]. The irregularities cause small-scale fluctuations in refractive index
and as the signal propagation continues after passing through the region of irregularities,
phase and amplitude scintillation develops through the interference of multiple scattered
signals. So far, ionospheric scintillation is a well-known phenomenon that has been studied
extensively for many decades, major research on ionospheric scintillation can be found in the
references, typical studies can be mentioned here include [Aarons, 1982, 1993, 1995; Basu et

al., 1988; Pietal., 1997;...].

The main cause of ionospheric scintillation is the turbulences in the F-region of the
ionosphere. With the highest concentration of free electrons in this region and also being the
layer that most directly and strongly affected by solar radiation, free electrons in this layer are
easily disturbed under severe ionospheric conditions such as magnetic storms, high solar
activity,.... When these free electrons got disturbed, it creates small-scale irregularities
resulting in the rapid fluctuations of TEC. In fact, E-layer irregularities such as sporadic-E
and auroral E can also produce scintillation, but their effect is minimal, especially on L-band

GNSS signals [Space Weather Services, Bureau of Meteorology, Australia Government].

1.3.2. Classification of ionospheric scintillation

Conventionally, ionospheric scintillation is classified by three types: amplitude scintillation,

denoted by S, index; phase scintillation, denoted by o, index; and polarization scintillation.
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Amplitude scintillation is the standard deviation of the signal intensity divided by the average

of the signal intensity for a given period of time [Luo et al., 2020]:

54 _ V<I2>—<[>2 (1.25)

<I>

where [ is the signal intensity and </> represents the average of the signal intensity for a
given interval of time. S4 is a dimensionless number with a theoretical upper limit of 1.0,
commonly estimated over an interval of 60 seconds for high-rate GNSS data. For lower

sampling rate data, it can be calculated with a larger interval (5 minutes for instance).

Amplitude scintillation is classified by intensity as follows: S; = 0: nonexistent; S4 < 0.3:
weak scintillation (does not affect the signal); 0.3 <S4 < 0.6: moderate scintillation (affect the

signal); and S4 > 0.6: strong scintillation (strongly affect the signal).

Meanwhile, phase scintillation is quantified by o, index which is defined as the standard
deviation of the signal phase over a given time interval. This index is computed empirically
and measured either in radians or degrees. A o, greater than 1° is considered to be strong
scintillation. At mid-latitudes, o, rarely exceeds 1° for more than 1% of the time [Space

Weather Services, Bureau of Meteorology, Australia Government].

1.3.3. Worldwide characteristics of ionospheric scintillation
1.3.3.1. Equatorial and low-latitude scintillations

Figure 1.2 shows a map indicating how scintillation behaviour varies by geographic location.
The regions located around 15° north and south of the magnetic equator (the red areas) are
referred to as the equatorial anomaly. Since the ionosphere is the densest and the thickest in
two bands surrounding the magnetic equator, these regions experience the most significant
activity including deep signal fades that can cause GNSS receivers to lose track of satellite
signals [Kintner et al., 2009]. The yellow areas in the middle (including the area between the
two red bands and the areas immediately adjacent to the anomaly lines) have a less intense of
scintillation. Although the Sun shines above the equator, ionization still achieves its
maximum density away from the equator. This is because of the combination of electric and
magnetic fields. During this combination process, the free electrons to be lifted vertically and
then diffuse northward and southward leading to reduce the ionization directly over the
magnetic equator and increase the ionization over the anomaly regions [Balan et al., 2018].

This explains why scintillation is more intense in the anomaly regions than at the magnetic
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equator. In these regions, ionospheric scintillation can occur abruptly after sunset, with rapid
and deep fading lasting up to several hours until local midnight. After midnight, the level of

ionization in the ionosphere is too low to support scintillation at GNSS frequencies.

Frequent

Infrequent

Figure 1.2. Global distribution characteristics of ionospheric scintillation [Kintner et al., 2009]

1.3.3.2. Mid-latitude scintillations

In the mid-latitude regions (shown in blue), scintillation activity is rare even during periods of
high solar activity. It occurs only in response to extreme levels of ionospheric storms. During
intense geomagnetic storms, the mid-latitude ionosphere can be strongly disturbed. Also in
this time, the auroral oval extends towards the equator and the anomaly regions may extend
towards the poles [Grodent et al., 2008]. These phenomena can cause ionospheric scintillation

to be extended and increase the influences in these areas.

1.3.3.3. High-latitude scintillations

The occurrence of scintillation at auroral latitudes (the yellow areas in the north and south
poles) is strongly dependent on geomagnetic activity levels, but can occur in all seasons and is
not limited to local nighttime hours as the equatorial anomaly (refer to as of Figure 5.8b). In
the high-latitude regions, the ionization density is less than that in the equatorial regions but
the irregularities move at speeds up to ten times larger (D This means that larger sized
structures in the polar ionosphere can create phase scintillation and that the magnitude of the
phase scintillation can be much stronger. Large and rapid phase variations at high latitudes
will cause a doppler shift in the GNSS signals which may exceed the phase lock loop
bandwidth, resulting in a loss of lock and an outage in GNSS receivers [Kintner et al., 2007].
This is the reason why phase signal is more common in high-latitude regions than equatorial

regions.
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1.3.4. Impacts of ionospheric scintillation

The impacts of ionospheric scintillation can be divided into effects by amplitude and phase

effects. Specifically as follows:

Amplitude scintillation directly affects the signal to noise ratio (C/No) of satellite radio
signals, as well as the noise levels in code and phase measurements. During scintillation
activity, the ionosphere does not absorb the microwave signal. Instead, the irregularities in the
index of refraction scatter the signal in random directions. As the signal continues to
propagate down to the Earth's surface, small changes in the distance of propagation along the
scattered ray-paths cause the signal to interfere with itself, alternately attenuating or
reinforcing the signal measured by the receiver. For space geodetic techniques, amplitude
scintillation can be sufficiently severe that can make the signal strength drop below the level
of the receiver needs and hence the need to re-acquire the signals. This will also cause a loss
clock or even cycle slips in the signal and then degrade the quantity of positioning or reduced
accuracy navigation solutions. The nominal C/No for the L1 signal is about 45dB-Hz, and
tracking may be lost when the signal drops below ~25dB-Hz, but it is also dependent on the
ability of the tracking loop of the receiver. Since the signal power on the GNSS L2 frequency
is significantly less than that of L1 (~6dB lower), ionospheric scintillation is much more
likely to impact the L2 signal than the L1 signal [Space Weather Services, Bureau of

Meteorology, Australia Government].

Meanwhile for phase scintillation, if sufficiently severe, may stress phase-lock loops in
GNSS receivers resulting in a loss of lock. Phase scintillation describes rapid fluctuations in
the observed carrier phase obtained from the receiver’s phase lock loop. These same
irregularities can cause increased phase noise, cycle slips, and even loss of lock if the phase

fluctuations are too rapid for the receiver to track.

In the severely ionospheric conditions, scintillation errors can be as large as hundred
meters [Kintner et al., 2007]. In principle, the lower signal frequencies, the more significant
ionospheric scintillation effects [Guo et al., 2019]. Therefore, the effects of ionospheric
scintillation on VLBI technique are usually smaller than that of GNSS technique because
VLBI data are measured at higher frequencies (8.4 and 2.3 GHz) compared to GNSS

measurements (1.2 - 1.6 GHz).
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Figure 1.3. The effect of ionospheric
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still can affect the integrity of the signal by
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1.3.5. Ionospheric scintillation models

In the previous sections, some basic characteristics of ionospheric scintillation have been
introduced. As its key sources are plasma instabilities, the variations of scintillation depend
on the complex physical properties of the ionosphere. Thus, it is not easy to model
scintillation activity on a large scale. In principle, ionospheric scintillation models represent
the ionosphere fluctuations and scintillation activity under different geophysical conditions
and they can be established from theoretical or empirical models. Currently, a couple of

ionospheric scintillation models are widely used as follows:

- The Wide Band Model (WBMOD, USA, 2005): using experimental data to describe a
worldwide climate of ionosphere plasma density irregularities. This model predicts both

amplitude and phase scintillation.

- The Global Ionospheric Scintillation Model (GISM, France, 2007): provides the statistical
characteristics of the transmitted signals. This model also predicts both amplitude and

phase scintillation.

- The Ionospheric Scintillation (IONSCINT — G, USA): provides dynamic scenarios to

simulate scintillation impacts. This model predicts only amplitude scintillation.

1 https://www.gpsworld.com/gnss-systemsignal-processinginnovation-ionospheric-scintillations-12809/
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1.4. Other ionospheric disturbances
1.4.1. Travelling ionospheric disturbance

Besides the influence of the Earth and the Sun, the variation of the ionosphere also has
another factor which called Traveling Ionospheric Disturbance (TID). TID is among the
Earth's ionosphere irregularities and it represents wave-like electron density structures
propagating in the ionosphere. The motion of TID modulates the electron density distribution
in space. It leads to a modification of plasma parameters, namely the refractive index, and
affects the propagation of radio waves [Koval and Cesra, 2019]. This disturbance is one of the
most common ionospheric phenomena that contribute to the disturbances in the ionosphere.
Based on the characteristics of the period, velocity, source and spatial distribution, TID can be
classified into two main categories: medium scale and large scale. Medium-scale TID has
periods of less than one hour and large-scale TID has periods of over one hour and its main
source are the geomagnetic disturbances. Usually, large-scale TID starts at high latitude areas

but during geomagnetic storms, it can spread to lower latitudes.

1.4.2. Sudden ionospheric disturbance

Sudden Ionospheric Disturbance (SID) is a kind of disturbance in the ionospheric electron
density, resulting from abnormally high ionization or plasma density and caused by a solar
flare and/or solar particle event. SID can last from a few minutes to several hours and it is
mainly due to the increased level of ionization in the D layer of the ionosphere [Moral et al.,
2013]. The SID results in a sudden increase in radio-wave absorption that is most severe in
the upper medium-frequency and lower high-frequency ranges, and as a result, often

interrupts or interferes with telecommunications systems.

1.4.3. Ionospheric storm

Ionospheric storms are triggered by the enhanced flux of energetic electrons that are emitted
at a large level by the Sun. Solar activity such as solar flares and coronal mass ejections
(CME) often produce large variations in the particle and electromagnetic radiation incident
upon the Earth. Such variations can lead to disturbances in the ionosphere. These
disturbances, when affecting the ionosphere are known as ionospheric storms. They tend to
generate large disturbances in ionospheric density distribution, total electron content, and the
ionospheric current system '?. Tonospheric storms can be caused by intense solar eruptions

hurling out energetic particles also known as solar flares. It can endanger astronauts and
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destroy satellite electronics. Ionospheric storms have important terrestrial consequences such
as disrupting satellite communications and interrupting the flow of electrical energy over

power grids.

1.4.4. Geomagnetic storm

Geomagnetic storm also called magnetic storm or solar storm is a major disturbance of Earth's
magnetosphere that occurs when there is a very efficient exchange of energy from the solar
wind into the space environment surrounding Earth. It usually occurs in conjunction with
ionospheric storms and can be caused by solar flares and high-speed solar wind stream
(coronal holes). The storms are usually associated with increased electron densities in the
lower ionosphere and a simultaneous increase in absorption of radio waves. A geomagnetic
storm usually starts with an increase in the earth’s geomagnetic field intensity called the
initial phase followed by a large decrease termed the main phase. In principle, it is impossible
to predict precisely when a geomagnetic storm will occur, but scientists can predict when a
CME or high-speed solar wind stream will sweep past Earth’s magnetic field which creates
the conditions that cause geomagnetic storms. Conventionally, there are five categories of
geomagnetic storms including minor (G1), moderate (G2), strong (G3), severe (G4), and
extreme (G5) levels. For space geodesy, during a geomagnetic storm, satellite signals can be

scintillated, this results in a loss of observations or reduce the accuracy of the final results.

1.4.5. Solar wind

The solar wind is a stream of charged particles released from the upper atmosphere of the
Sun. This also causing variability in electron density when continuous ejection of high
energetic particles from the Sun penetrates the Earth's atmosphere and interferes with its
magnetic field. The ejection of energetic particles from the Sun is enormously increasing due
to solar flares and CME called ionospheric storms. This could lead to disturbances in the

ionosphere and the electron density very quickly changes.

1.4.6. Effect of the Moon

Another factor that can affect the perturbation of the ionosphere is the revolution of the Moon.
During the period that the Moon circles around the Earth (approximately 14.77 days), the
atmospheric pressure of the Earth varies causing ionospheric disruptions. This phenomenon is

normally called lunar gravitational tides.

2 https://iono.jpl.nasa.gov/storm.html
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2. Calculation of ionospheric disturbances parameters from GNSS

measurements

2.1. TEC estimation from dual-frequency GNSS observations

Ionospheric delay, which is proportional to the Total Electron Content (TEC) along the
propagation path, is one of the largest error in signal propagation. As discussed in Chapter 1,
TEC is a key parameter in the mitigation of ionospheric effects and it can be derived from
satellite geodetic measurements. So far, it is one of the most essential methods of
investigating the Earth’s ionosphere. TEC measurements are the total amount of free electrons
along the line of sight (LOS) from satellites to receivers located on or near the Earth surface.
In general, there are three techniques for measuring TEC including ionospheric soundings,
radar technique, and using space geodetic techniques. Hitherto, there are two main approaches
commonly used: [Smith, 1987] with the single-frequency method and [Warrant, 1996] with
the dual-frequency method. Among them, the two-frequency method is the most efficient to
determine TEC [Taoufiq et al., 2018]. GNSS satellites transmit electromagnetic waves on
multiple frequencies allowing receivers equipped with a dual-frequency operation to be used.
This enables us to extract the ionosphere TEC from GNSS observations. For decades, the
method of TEC calculation from GNSS data has been extensively studied in many
publications [Hofman-Wellenhof et al., 2000; Jakowski et al., 2011; Alizadeh et al., 2011;
Adewale et al., 2012; Le Huy Minh et al., 2013;...].

2.1.1. STEC from code pseudo-range

For the calculation of TEC from GNSS observation files, 1 start with the pseudo-range
measurements on the L1 and L2 frequencies. The pseudo-range is the geometric distance from
the receiver’s antenna to the satellite, plus other errors, such as clock offsets and atmospheric
delays. To extract TEC, the pseudo-range can be divided into five components: the real range,
the error due to the ionosphere, the error due to the satellite and receiver hardware delays, the
error due to the troposphere and the error due to other factors. Following [Schaer, 1999],

taking the fundamental equation for code pseudo-range at each frequency into account:

PE(L1) = pf + Apf,, (LD + c(At; — At) + c(b* + b))y + APf rop T EL1 (2.1a)
PF(L2) = p¥ + AP0, (L2) + c(At; — AEF) + c(b* + b)) 1o + Apftmp + g1, (2.1b)
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where P¥(L1) and P¥(L2) are the code pseudo-range; pi‘ is the geometric distance between
the receiver (i) and the respective satellite (k); ¢ is the speed of light in the vacuum
environment (c=299792458 m/s); At;, At* are the receiver and satellite clock offsets

concerning GPS time; Api.‘,tmp and pi.fion are the delay due to the troposphere and the

ionosphere respectively; b* and b, are the satellite and receiver hardware delays expressed in

units of time; and finally &;;, &, indicate the random errors in the L1 and L2 frequencies.

By subtracting observations in equation (2.1) at simultaneous epochs, all frequency-
independent effects such as clock errors and tropospheric delays are removed and the new
observable is obtained, which contains only the ionosphere refraction and the inter-frequency
hardware biases Ab" and Ab;, denoted as differential code biases (DCBs). The new equation is

called the geometry-free linear combination [Alizadeh, 2011]:
Pf, = P}y — Pf, = €,xE XSTEC] + c(Ab¥ — Ab;) (2.2)

where STEC is the Slant Total Electron Content (unit TECU, 1 TECU = 10'° electron/m?)
along the ray-path from satellite to receiver. Note that STEC is not computed exactly at the
receiver but at the so-called Ionospheric Pierce Point (IPP, see Figure 2.1). Ab¥, Ab; are the
satellite and receiver DCBs respectively. &=-0.647 and &z=~0.162 m/TECU are factors that

convert the ionospheric delay in L4 to L;.

From equation (2.2), it can be seen, that STEC is linearly proportional to the pseudo-range
difference and DCBs. DCBs are the systematic errors between two GNSS code observations
at the same or different frequencies, its values are described in nanoseconds and can be
obtained from the IONEX (IONosphere map EXchange) file @D or the website of GNSS
Calendar And Utility ®?). Typically, a value of DCB represents one receiver or one satellite in
one day. STEC can be calculated from GNSS measurements after correcting the effect of
DCBs. In RINEX (Receiver INdependent EXchange format) files, in case there is no P1 and

P2 observations, the C1 and C2 observations can be used instead.

2.1.2. STEC from smooth pseudo-range

Fundamentally, STEC can be calculated from the pseudo-range difference by code (code-
derived STEC) or phase (carrier phase-derived TEC) observables. Usually, the code pseudo-
range has the problem of being noisy and less accurate compared to the phase pseudo-range,

meanwhile, the phase pseudo-range has the problem of resolving the ambiguity term. Using

22



Calculation of ionospheric disturbances parameters from GNSS measurements

code pseudo-range to directly derive absolute STEC estimate with an accuracy of about 1 - 5
TECU [Liu et al., 2005]. Hence, to take possession of the advantages of each fundamental
observables, the phase-smoothed code pseudo-range should be used, this combination will
reduce the noise of the code pseudo-range and eliminate the ambiguity of phase
measurements. However, the key problem of this combination is to address the existence of
integer phase ambiguity in carrier phase measurements. So far, the method of using carrier
phase to smooth code-derived STEC has been carried out in two main approaches: the first
approach is to perform the smoothing on raw GNSS measurements and then use the smoothed
data to estimate STEC [Hatch, 1982; Lachapelle et al., 1986; Liu and Gao, 2001)]. The
second approach extracts STEC directly from raw GNSS measurements and then smooth the
derived TEC data [Skone, 1998; Liu, 2004]. Compared to un-smoothed STEC data (i.e.
derived directly from GNSS code pseudo-range), the smoothed TEC data have an
improvement of a few TECU in precision. [Liu et al., 2005] suggested the second smoothing
approach should be used to derive the smoothed STEC from dual-frequency GNSS
measurements, particularly when only a short period of data are available for smoothing. The
STEC obtained from the smoothed pseudo-range is usually called levelled STEC. It is
considered to be more pertinent than STEC computed from only code measurements. The
algorithms for smoothing code pseudo-range can be found in [Hofmann-Wellenhof et al.,
2000] or [Alizadeh, 2013]. [Hatch, 1982] provided a simple algorithm (also known as the
Hatch filter) as follows:

Suppose R(s;n) and @(s;n) are the code and carrier measurement of a given satellite s at the

time n. Then, the smoothed code R(s;n) can be computed as:
R(s; k) = %R(s; k) + nT_l [}?(s; k—1)+ (®(s;k) — &(s; k— 1))] (2.2a)

therein, the algorithm is initialized with: R(s; 1) = R(s; 1) where n=k when k<N and n=N
when k>N. It should be noted that, this algorithm must be initialised every time that a carrier
phase cycle-slip occurs. This algorithm can be interpreted as a real-time alignment of the

carrier phase to the code measurement. That is:

21 ftp://cddis.gsfc.nasa.gov/pub/eps/products/ionex/

22 http://www.gnsscalendar.com/
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_ 1 1.
R = = R() + "T Rk — 1) + (0() — d(k — 1))]

n—1_. 1
= d(k) + T[R(k -1 -ok-1)] +E[R(k) — d(K)]

n—1 1
= B + ——(R = P)ge-p) + = [R(K) = D]

where the mean bias (R — ®) between the code and carrier phase is estimated in real-time and

used to align the carrier phase with the code.

2.1.3. Converting STEC to VTEC using a mapping function

For decades, many studies have developed techniques to derive absolute ray-path TEC by the
processes of detecting and correcting cycle slip, levelling carrier-phase to pseudo-range
observations, reducing multipath effect and estimating DCB [Blewitt, 1990; Sardo'n et al.,
1994; Mannucci et al., 1998; Schaer, 1999; Syndergaard, 2002; Yue et al., 2011, ...]. By
simplifying electron density distribution into a geometric model, an obliquity factor called
mapping function is often adopted to convert slant TEC (STEC) to equivalent vertical TEC
(VTEC), which is more convenient for describing the overall ionization of the ionosphere
[Klobuchar, 1987; Zhong et al., 2015]. The STEC values can be approximated into the
equivalent vertical TEC by assuming a thin-shell ionosphere at a height from 350 to 500 km.
To do so, an elevation-dependent mapping function is required. This function describes the

ratio between STEC and VTEC:

__ STEC

F(z) = 225 (2.3)

T VTEC

To obtain an approximation, a single-layer model (SLM) is usually adopted. In SLM, it is
assumed that all free electrons are concentrated in an infinitesimally thin layer above the
Earth’s surface [Schaer, 1999]. The height (H) of that shell is slightly above the height where
the highest electron density is expected (approximately above the height of the F»-layer).
Figure 2.1 depicts the basic geometry of the SLM in the Sun-fixed coordinate system. The
signal transmitted from the satellite to the receiver crosses the ionospheric shell in the so-
called Ionospheric Pierce Point (IPP). The zenith angle at the IPP is z’ and the signal arrives at

the ground station with zenith angle z. The relation between z and z
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sin(z') = ﬁ sin(z) (2.4)

where R is the mean Earth radius (usually accepted by 6371 km), and H is the mean height of
the SLM or the ionosphere shell expressed in km.

qnele-lave e —— R R N R
:?1.110_1{‘. lay er — T ionospheric pierce point
ummphcru//f -
—
H —
receiver |2
sub-ionospheric point
Earth
R Ry
Az=2z—2

Figure 2.1. Single-layer mapping function model for the ionosphere

The mapping function depends on the elevation and the ionospheric effective height of
SLM. In investigating the role of the effective height of SLM plays in mapping function,
[Lanyi and Roth, 1988] proposed that this height has to be established between 350 and 400
km, at an average altitude of maximum electron density. [Hernandez-Pajares et al., 2005]
derived the height from worldwide distributed GNSS data, ranging from 350 to 650 km.
[Brunini et al., 2011] investigated how the single-layer height between 300 and 550 km
affected VTEC and DCB estimates. They concluded that a unique height did not achieve zero
conversion errors and that solar activities, time of year, and latitude affected the errors. [Wang
et al., 2016] demonstrated that every 100 km of height increase resulted in a difference of
about 1.8 TECU in VTEC. Generally, for the convenience of the ionospheric modelling, the
effective height is commonly fixed. For example, 350 km is applied to the wide-area
augmentation system [Birch et al., 2002], and 450 km is applied to global ionospheric maps
(GIMs) [Hernandez-Pajares et al., 2009]. Since the ionosphere is not homogeneous, the
effective height varies as a function of location, time, and the levels of solar activity [ Xiang et

al., 2019].

The mapping function is the ratio between the vertical thickness of the ionosphere and the
slant thickness of the ionosphere for the elevation E (E=90°-z). The influence of the

ionosphere on GNSS signals is proportional to the length of the signal path through the
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ionosphere. This length depends on satellite elevation, being greater at lower elevations. The

F(z) coefficient in equation (2.3) can be calculated as follows [Dach et al., 2007]:

1

/ 1—(R+LH.sin(z))2

where H=506.7 km, R is the mean Earth radius.

F(z)~ (2.5)

2.1.4. Calculating the coordinates of the ionospheric pierce point (IPP)

The point of interest for which a VTEC value has to be estimated is not the location of the
receiver but the location of IPP (Figure 2.1). IPP is the intersection between the line of sight
(LOS) and the SLM. Its perpendicular projection onto the Earth's surface is called the sub-

ionospheric point.

The geocentric spherical coordinates (9, A) of the IPP can be computed from the receiver
geodetic coordinates (B, L), the azimuth (A) and zenith distance (z) of the satellite as follows

[Wienia, 2008]:

9 = arcsin(sinB. cos(Az) + cosB.sin(Az) . cosA) (2.6a)

sin(Az).sinA

A = L + arcsin( s ) (2.6b)

where Az = z - z’ is the difference between the zenith distance at the receiver and the IPP.

Following equations (2.5) and (2.6a-b), to compute the IPP’s coordinates and to convert
from STEC to VTEC, the elevations (or zenith distances) of satellite need to be determined.
For this task, we have two solutions. The first solution, we can download the precise
coordinates of satellites from the website of IGS products **. Since the satellite coordinates
are provided in every 15 minutes, to match up the satellite data with observation data, the
satellite positions data must be interpolated into the same interval with the GPS measurements
(30 seconds). The second solution is to calculate the coordinates of the satellite from the
navigation file @49 The detailed algorithms for calculating satellite’s orbit can be found in

[Seeber, 2003] or [Gouchang Xu, 2007].
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2.2. Alternative methods for detecting ionospheric scintillation
2.2.1. Computing S, index from high-rate GNSS observations

Ionospheric scintillation occurs frequently after the sunset until the midnight in the equatorial
areas, but it can appear at anywhere in the world and at any time when there is an ionospheric
storm or during the high operation of the sun-cycle period. For space geodetic techniques,
ionospheric scintillation can make the signal strength drops below the level of the receiver
needs, this will cause loss of lock or even cycle slips in the signal and of course, this will
degrade the quality of positioning. lonospheric scintillation is classified by amplitude
scintillation which occurs mostly at lower latitudes (about 15°) and phase scintillation which
occurs mostly at higher latitudes. The amplitude scintillation index (S4) is the ratio of the

standard deviation of the normalized signal intensity divided by the average of the signal

_ {212
S,= [ @.7)

where 7 stands for the signal intensity and </> is denoted by the mean value of / in a period.

intensity [Humphreys, 2008]:

The computed time depends on the sampling rate of the data or interval between epochs of
observations. Conventionally, S; is computed in every one minute for the 50 HZ rate

observations.

One way of measuring completely scintillation characteristics is to use GNSS
measurements of signal amplitude (the power) and phase at a very high sampling rate, such as
50 Hz. To be able to detect the amplitude scintillation, we need to use special receivers (for
example Septentrio PolaRxS or Javad receiver) that can provide direct measurements of the
scintillation indices. These are in-phase (/) and the quadrature (Q), which can be obtained

from receiver correlators [Cokrlic et al., 2012]. From / and QO we calculate:

a(t) = /s,z(t) +s5(t) (2.8)

and the signal power I:

2
] =2 (2.9)
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S4 obtained from equations (2.7) to (2.9) is still affected by ambient (thermal) noise, which
has to be estimated over the same time span for which the signal power is averaged.
Therefore, in this case, S; index must be calibrated to eliminate the thermal noise [Cokrlic et
al., 2013]. The problem of removing thermal noise out of S, index will be introduced in

Section 4.2.

2.2.2. VTEC gradient

Another solution for detecting the appearance of ionospheric scintillation is to check whether
there is a rapid fluctuation in the VTEC results as GNSS signal scintillations are highly
correlated with the rapid changes in TEC along the signal path. The movement of GNSS
satellites can be used to measure VTEC spatial variations. To identify spatial gradients, [Jiyun
et al., 2006] proposed a “Time step method”. By considering the distance between the IPP at
two successive epochs, the vertical ionospheric gradient (VTECgagicnt) can be estimated. To
compute the horizontal displacement of IPP after each epoch, there have been different
solutions: solve the inverse geodetic problem from the geodetic coordinates of IPPs or project
these IPPs onto a plane by using a map projection. In this study, I introduce a simple way to

calculate IPP horizontal displacement as follows:

PRN (1)
PRN (t+5t)
Zenith
IPP (t)
VTEC(t)
TPP (t+5t)
'VTEC(t+8t)
2(t+5t) ! 'Hion=506.7 km
2(t) | |
Receiver | IPPy(0) IPPy(t+5t
Ao ‘ }f( )‘ /;'( )
IPPx(1) 20 /
X L
”””””””””””””””” .~ AIPP(t+51)

IPPx(t+51)

X

Figure 2.2. Projection of IPP on the horizontal plane
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Assuming a flat Earth (which is a sufficient assumption for satellites at a very high
elevation) with the IPP altitude H;,, = 506.7 km (the same as the height H used in mapping

function, see Figure 2.2). The projection of the IPP vector onto the ground plane is:

COSA

IPP, = Hipn.7— (2.10a)
inA
IPP, = Hion.% (2.10b)

where 4 and z is the azimuth and zenith distance of the satellite at the epoch of observation.

At each epoch of observations, we have one VTEC value and the rectangular coordinates
of IPP (computed follow equation (2.6)) projected on the plane correspond to the respective
satellite. When the satellite moves, the IPP and VTEC change respectively. We can compute

the IPP horizontal displacements after each epoch as:

App(t 4 6t) = \J[IPP(t + 6t) — IPP()]? + [IPP,(t + 6t) — IPP,(t)]? (2.11)

where ot is the interval of the observables (30 seconds for daily data of IGS stations). Then we

determine the VTEC gradient at the epoch (z+0t):

VTEC(t+6t)—VTEC(t)
Arpp(t+6t)

VTECyrqaient (t + 8t) = (2.12)

As the delays due to different epoch are considered and divided by the corresponding
separation, the estimated VTECadien 1S @ combination of both temporal and spatial gradients.
The VTEC gradient, has the unit of TECU/km, can be used to determine the spatial variations
of VTEC and from this information, we can determine whether scintillation activity exists at

the moment of observation. Some examples will be introduced in Section 2.4.

2.2.3. Rate of TEC index (ROTI)

The low-frequency phase fluctuation can be directly estimated by TEC changes along the ray
path for a dual-frequency receiver. For these purposes, the Rate Of Tec (ROT) and the Rate
Of Tec Index (ROTI) are calculated from RINEX data using the method proposed by [Pi et
al., 1997]. Both S4 and ROTTI are important indices in monitoring ionospheric irregularities
since these parameters describe the dynamic changes in the electron density. Based on the

results reported by [Pi et al.,, 1997; Basu et al., 1999; Beach and Kintner, 1999], it was
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concluded that ROTI could be used as a proxy for assessing the presence of ionospheric

scintillation.

ROT index is to trace ionospheric irregularities and to provide spatial variation of electron
density. The rate of change of ionospheric delay due to satellite signals received at a receiver
is given from phase measurements as [Knut Stanley, 2014]:

ROT(l) — Lor(D)—Lgr(i—1) (213)

At.1016,40,3.(——
(f1 f%)

with Lgr(i) 1s the geometry-free phase combination at the time i:
Ler(i)=L1(i).A; —L2(i).A; (2.14)

where At is the time difference between the epochs, in minutes; f;, f> are frequencies (Hz); L1,
L2 are phase measurements in cycles and A, A, are the wavelengths in meter (4,=0.19029 m,
4,=0.24421 m). ROT has the unit of TECU/min and it indicates the disturbances of the

ionosphere.

From the ROT value computed at each interval, we can calculate the Rate Of Tec Index
(ROTI). ROTI is defined as the standard deviation of the rate of TEC over some time interval,
it characterizes small-scale and/or rapid variation of TEC and is strongly related to

scintillation [Basu et al., 1999]. The expression of ROTI is as follow:

ROTI(k) —\/ ZJ _x_n(ROT(j) — ROT)? (2.15)
where N is the number of epochs;
ROT is the average of ROT for the interval k: = Z -y ROT(j).

When computing ROTI, the time interval over which a value of ROTI is calculated must
be taken into account. The choice of sample rate is critical for studies of small-scale
irregularities, but in the case of large-scale irregularities, the sample rate is less important.
[Jacobsen et al., 2014] indicates the impact of different sampling rates and calculation time
intervals on ROTI values. They found that ROTI values calculated using different parameter
choices are strongly positively correlated but ROTI values are quite different. The effect of a

lower sample rate is to lower the ROTI value, due to the loss of high-frequency parts of the
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ROT spectrum, while the effect of a longer calculation time interval is to remove or reduce
short-lived peaks due to the inherent smoothing effect. In this study, ROTI is calculated for a
time span of 5 minutes, as it gives a reasonably good temporal resolution while still having a

good number of samples in each interval.

Usually, ROTI>0.5 TECU/min (1 TECU refers to 10'° electrons/m?) indicates the presence
of ionospheric irregularities at scale lengths of a few kilometres [Ma and Maruyama, 2006].
Considering the coexistence of large and small scale irregularities in equatorial irregularity
structures during the early evening hour, [Basu et al.,1999] pointed out that ROTI
measurements can be used to predict the presence of scintillation causing irregularities.
Several studies have also indicated that large and small scale irregularities at scale size of a
few kilometres and several hundred meters can be investigated simultaneously with ROTI and

scintillation indices [Zou and Wang, 2009; Alfonsi et al., 2011; Seif et al., 2012].

Like VTEC gradient, the main advantage of ROTI over standard scintillation index (S4) is
that it is calculated based on measurements from normal dual-frequency GNSS receivers,
which have a huge data available with global coverage. The algorithm to calculate ROTI is
quite easily implemented and very straightforward. The main disadvantage is that this index
does not contain information about the frequency of the irregularities, only that irregularities
exist within the range limited by the sample rate (5 minutes) and measurement interval.
Furthermore, the calculation of ROTI requires data from a dual-frequency receiver, whereas
scintillation indices are calculated just using a single frequency (commonly the L1
frequency). Nevertheless, normal dual-frequency GNSS receivers are still far more common

and much cheaper than scintillation receivers.

In this section, I propose four alternative methods for detecting ionospheric scintillation
from GNSS data. Each method has its advantages and disadvantages and can be applied in
different cases. For sure, the most reliable and appropriate index is S4 directly obtained from
high-rate GNSS receivers. This index reflects most truthfully and accurately about the
amplitude of ionospheric scintillation at all levels. However, in case there are only normal
dual-frequency GNSS receivers available, we are still able to detect the occurrences of
ionospheric scintillation by using ROTI or VTEC gradient (the benchmark comparison for
both indices are 0.5). Lastly, using the signal intensity S; and/or S, in the RINEX files to
compute S4 index is another possible solution, but this tactic only shows the presence of

scintillation for each specific satellite at a particular time.
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For a specific area, especially near the equator, the best way to monitor ionospheric
scintillation activity is to set up a network of scintillation receivers surrounding the research
area. Basically, one receiver can monitor an area of about 13°x13° (~225x10* km?) when
accepting satellite elevation cut-off at 20° as indicated in Figure 2.3. This method has been
applied in the Vietnam area and the results will be discussed in Chapter 4. To study globally,
using ROTT is the most convenient way because of the worldwide coverage of the standard
dual-frequency GNSS receivers currently. Results on the global distribution of ionospheric

irregularities by using ROTI index will be presented in Section 5.3.
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Figure 2.3. The footprint of satellite tracks at BAKO station in a single day. Different colors
correspond to different satellite elevations: [0:20°]: red, [20°-30°]: black, [30°-40°]: blue, [40°-
50°]: yellow and [50°-90°]: magenta.

32



Calculation of ionospheric disturbances parameters from GNSS measurements

2.3. Developing a software tool to calculate some ionosphere parameters

From the above formulas and algorithms, I program a MATLAB software tool to study the
ionosphere from RINEX files. The purposes of this software are to compute some parameters
of the ionosphere like VTEC, VTEC gradient, ROT, ROTI, Sa,... and then estimate the ability
of the occurrences of scintillation activity. The input data of the program are the observation
(*.obs) and navigation (*.nav) files. This program is available with daily data (interval 30

seconds) or high-rate data (1 Hz, 10 Hz, 50 HZ, ...). Figure 2.4 depicts the flowing chart of

the software tool and Figure 2.5 shows the interface of the software tool.
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Figure 2.4. The flowing chat of the ionosphere software tool
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Figure 2.5. The interface of the ionosphere software tool
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The specific calculation sequences of the software tool are described as follows:

The first step of the program is to filter the observations from the RINEX files
(Rinex_Filter). Since in the RINEX files, all observations are arranged at different epochs,

thus the observations need to be rearranged following its observed satellite and epoch.

In the second step, the measurements are filtered again. This second filter step will collect
the data of the selected satellite in the selected time. The difference between the two filter
steps is that the first one dealing with all satellites and all epochs, but the second one

allocates only the selected satellite and epoch.

At the same time with the filtering observations, the program also calculates the
coordinates of the selected satellite during the selected time from the navigation file.
These coordinates (only elevations component) are necessary to convert STEC to VTEC

by using a mapping function.

After the filtering, STEC is first computed. In this step, the user can choose whether to
smooth the pseudo-range or not. Simultaneously, the user is requested to input the DCBs
of satellite and receiver. User can also choose which observations will be used to calculate
STEC (P1, P2, or C1, C2). In our study, the code pseudo-range is selected instead of

smooth pseudo-range to compute STEC.

Then STEC is converted to VTEC using the satellite elevations obtained in the previous
steps. After that, the VTEC gradient is calculated for checking the possible rapid

fluctuations in VTEC results.

The coordinates of IPP are also computed and stored in the final products (TEC.mat). All

of these results can be leveraged later for other purposes.

The amplitude scintillation (S4 index) is calculated following equation (2.7) with I is
either S; or S, observations, user can choose S; or S, alternatively for this task. In this
step, the average time to calculate S4 must be inputted. In our results, which will be shown

in the next section, the S4 index is computed from both S; and S, in every 5 minutes.

Before determining ROT and ROTI, the program calculates and compares the difference
in pseudo-range derived from code and phase measurements. This information can be

used to detect the incidental cycle slip error in the phase measurements.
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» The last computation is to determine ROT and ROTI following equations (2.13), (2.14),
and (2.15). For ROTI computation, the calculation time interval must be set up. In our

research, this value is chosen by 5 minutes as discussed before.

» All the results will be stored in *.MAT files (TEC.mat and ROTL.mat) and can be used
later for other purposes. The file TEC.mat contains the most important information about
the ionosphere such as epoch (in hours and Julian day), STEC computed from code and
phase smooths code pseudo-range, the azimuths and elevations of the satellite, VTEC,
VTEC gradient, the geodetic coordinates of IPP and S, index. To evaluate the intensity of
scintillation activity, all these results are plotted and examined. As mentioned before,
based on the variations of VTEC gradient, S4, ROT and ROTI, the levels of scintillation
activity can be estimated and also the correlations between ionospheric scintillation and

the changes of VTEC can be explored.

2.4. Some results and discussion

In order to show example presentations of data analysis performance using the ionosphere
software tool established above, I investigate ionospheric scintillation (IS) error may appear
in GNSS observations. In this study, I compute several ionosphere parameters at two stations:
BAHR in Bahrain and POTS in Germany on October 28™ 2003. Geographic coordinates of

these stations are given in Table 2.1.

Table 2.1. List of IGS stations to study ionospheric scintillation

Geographic coordinates

No Station : : Country Latitude region
Latitude (°) Longitude (°)
1 BAHR 26.21 50.61 Bahrain Mid
2 POTS 52.38 13.07 Germany High

On October 28™ 2003, there was a so-called Halloween storm. Figures 2.6 and 2.7
illustrate the presence of ionospheric scintillation at POTS and BAHR stations. Since there
were no S; and S, observations in the RINEX files of these stations, the S4 index could not be
calculated in this case, but instead, I analyze the occurrence of ionospheric irregularities based
on VTEC gradient and ROTI indices. In these figures, the top-left panel is VTEC and
elevations of the satellite, the top-right panel is VTEC gradient, the bottom-left describes
ROT, and the bottom-right shows ROTI. The horizontal axis expresses GNSS time in hours.
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The elevation-cut off is 10° aims to eliminate TEC measurements from low-elevation

satellites.
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Figure 2.6a. IS detected by PRN 7 at POTS station on 28.10.2003
THE GROUND TRACK AT THE EARTH'S SURFACE OF SATELLITE
100
50t
0F
A0 F
-100 1 1 1 L L L |
200 150 100 A0 50 100 150 200

Longitude L {Degree)

Figure 2.6b. The ground track and sky-plot of PRN 7 from 10:00 to 14:00 UT

On this day, there was a remarkable scintillation error affecting all visible satellites at more

than 11 UT. It is characterized by sudden, rapid changes in VTEC level or fluctuations of

VTEC gradient. In these figures, it is seen that ROTI increased suddenly at the moment

scintillation occurred. ROTI values were from 2 to 3 TECU/min for all satellites at two
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stations, this means the intensity of ionospheric scintillation was quite similar at both stations.

Due to the ionospheric storm on this day, VTEC mean value was generally quite high.
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Figure 2.7a. IS detected by PRN 8 at BAHR station on 28.10.2003
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Figure 2.7b. The ground track and sky-plot of PRN 8 from 6:00 to 12:00 UT

23 https://www.igs.org/products
24 £tp://cddis.gsfc.nasa.gov/gps/data/daily/
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2.5. Chapter summary

From this chapter onwards, at the end of each chapter, a summary of the main contents of the
chapter will be given. Also, new findings and significant results will be synthesized. For this

chapter, the main contents can be reviewed and summarized as some points below:

- Section 2.1 summarizes the formulas and methods to calculate TEC from GNSS
measurements. A mapping function is also presented for converting from STEC (multi-
value) to VTEC which is a unique value representing the state of the ionosphere

(concerning the radio propagation) at a given point.

- Section 2.2 proposes alternative methods to detect ionospheric scintillation in GNSS
observations. Characteristics and scope of application of each method are also discussed.

Followings are the basic features and advantages, disadvantages of each method:

o Using S, index only derived from the high-rate GNSS receivers which are quite
expensive and far from being widely used as conventional GNSS receivers. But its
main advantage is the accurate reflection of the presence and intensity of
ionospheric irregularities. It is, so far, still the most used and common indicator for
studying ionospheric scintillation. Fundamentally, this method is the best in case

of studying a moderate area of the Earth.

o VTEC gradient is also an index can be directly calculated from the standard dual-
frequency receivers. The idea of this method is to check for potential rapid
fluctuations in VTEC results. This index is used to determine both temporal and

spatial gradients of the ionosphere.

o ROTI index: together with S4, this index is commonly used in study ionospheric
disturbances, especially during geomagnetic storms when the ionosphere is highly
volatile. More importantly, this index can be derived from conventional dual-
frequency receivers with enormous data available worldwide. This method
combines the advantages of the other three methods: as accurate and efficient as S4
index, can be easily and universally calculated on a global scale like VTEC

gradients. Fundamentally, this method is the best in case of global study.

- Section 2.3 develops a software tool to calculate some basic parameters of the ionosphere
like STEC, VTEC, VTEC gradient, ROT, ROTI, S,,... This program will also be used for
the calculations in Chapter 3 and Chapter 5.
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- Section 2.4 presents some results calculated at two stations BAHR and POTS. Calculation
results perspicuously show ionospheric scintillation errors detected in the measurements at

these stations. Concurrently, it demonstrates the effectiveness of the proposed methods.

Thus, there are two basic indicators to study ionospheric disturbances including the S4
index and the ROTI index. In Chapter 4, S; index will be mainly used to study the
characteristics of ionospheric scintillation over Vietnam region. ROTI index, meanwhile, will
be used to study both temporal and spatial distributions of ionospheric irregularities over

Southeast Asia area and on a global scale, this matter will be explored in Chapter 5.
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3. TEC variations during SC24 over the South East Asia area

3.1. Data available in the research area during the period of 2007 - 2017

The Sun has its own seasons with an average duration of about 11 years. During this cycle,
the Sun enters a period of increased activity called solar maximum and a period of decreased
activity called solar minimum. Cycles span from one minimum to the next. The solar cycle or
sunspot cycle is the result of a solar dynamo, in which electric currents and magnetic fields
are built up in the outer layer of the Sun and then ruined in energetic outbursts. Solar cycle 24
(SC24) was the most recent solar cycle, which began on January 4™, 2008 and was confirmed
to be ended at the end of 2019. In fact, it had declined more quickly than scientists forecasted.
To describe the intensity of Sun activity, so far, different solar indices have been used like
sunspot number (SSN), solar radio flux (F10.7cm), solar flares, solar corona, total solar
irradiance, solar ultraviolet emissions, AP index, KP index, Dst index, AE, index, AL index,
AU index, Polar Cap (PCN) index, Lyman-alpha (Ly-a) index, ... Most of these indices can
be obtained from the official website of OMNIWeb of NASA ©V. Among them, the first two
indices (SSN and F10.7cm) are most common and especially, they are widely applied in the

field of radio propagation.
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Figure 3.1. International sunspot number during SC24 3.3

The official daily and monthly sunspot numbers are determined by the World Data Center -
Sunspot Index and Long-term Solar Observations (WDC-SILSO) at the Royal Observatory of
Belgium ©?. Figure 3.1 shows the SSN obtained during SC24. Data are downloaded from the

official website of SILSO. We can see that, during this period, Sun activity was minimal until
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early 2010, it reached its maximum in April 2014 with 23 months smoothed sunspot
number of 81.8. More examples of Sun activity using other indicators during SC24 are also
illustrated in the Figures 3.2a and 3.2b. All these figures clearly indicate the activity trends of
SC24: got minimum in the years 2008, 2009, then from 2010 to 2012 was the increasing
phase, reached the maximum in both years 2013, 2014, and followed by decreasing phase
during 2015 - 2018 period.
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The solar flux, meanwhile, has a major impact on radio communications propagation
conditions. It indicates the level of radiation that is being received from the Sun. This solar
index is measured by detecting the level of radio noise emitted at a frequency of 2800 MHz
(wavelength: 10.7 cm). The index is quoted in terms of Solar Flux Units (SFU) with 1 SFU is
equivalent to 102 W m™ Hz"'. Figure 3.3 depicts different solar cycles for over 70 years and

compares the intensity of SC24 to others in SFU.
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During the 11-year of a solar cycle, the ionosphere changes both its thickness and
characteristics. The changes are most complicated and unpredictable at the equatorial latitudes
in a band around 15° northward and southward from the equator. The Southeast Asia region
with latitude is from 15°S to 30°N and longitude is from 95°E to 130°E is located in this area.
Thus, it is very often affected by the volatility of the ionosphere. This region covers
eleven countries: Brunei, Myanmar, Cambodia, Timor-Leste, Indonesia, Laos, Malaysia,
Philippines, Singapore, Thailand and Vietnam. The study period is one full solar cycle, from
the beginning of 2007 to the end of 2017. To study the variations of the ionosphere, I use the
most basic indicator of the ionosphere is VTEC index. VTEC are calculated by using the
software tool introduced in Chapter 2. VTEC is computed over the entire 11-year period at all
available IGS stations located in the research area. Table 3.1 provides detailed information of
all stations used in this study including 13 IGS stations and 3 scintillation receivers located in

Vietnam.
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Table 3.1a. List of GNSS stations over the research area

Geographic coordinates

Geomagnetic coordinates

No Station Latitude L . Lat(il‘fl?er S 2.017) Ele(\;igion aV]a?izll;?)le Site name
(deg) ongtitude (deg) (deg) Longitude (deg)

1 HANOI 21.03 105.96 11.33 178.86 36.56 2009, 2015 Phuthuy

2 HUE 16.46 107.59 6.78 -179.58 33.19 2009, 2015 Hue

3 HCM 10.85 106.56 1.20 179.41 14.32 2009, 2015 Baclieu

4 KUNM 25.03 102.80 15.33 175.90 2023.00 2007 - 2013 Kunming

5 CUSvV 13.74 100.53 4.14 173.54 76.06 2008 - 2017 Chulalongkorn

6 NTUS 1.35 103.68 -8.22 176.49 79.00 2007 -2017  Nanyang Technological Uni

7 BAKO -6.49 106.85 -16.03 179.68 158.18 2007 - 2017 BAKOSURTANAL

8 XMIS -10.45 105.69 -19.96 178.46 261.60 2007 - 2017 Christmas Island

9 HKSL 22.37 113.93 12.72 -173.58 95.30 2010 -2017 Siu Lang Shui

10 PIMO 14.64 121.08 5.24 -166.48 95.53 2007 - 2017 Manila Observatory
11 JOG2 -7.76 110.37 -17.27 -176.67 174.40 2015,2017 YogYakarta

12 TWTF 24.95 121.16 15.49 -166.83 203.12 2017 Taoyuan

13 KMNM 24.46 118.39 14.91 -169.42 49.10 2017 Kinmen

14 CKSV 23.00 120.22 13.52 -167.63 59.60 2017 Tainan

15 PPPC 9.77 118.74 0.32 -168.59 66.54 2017 NAMRIA

16 PGEN 6.06 125.13 -3.10 -162.10 121.12 2017 NAMRIA
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Table 3.1b. List of GNSS stations over the research area

No  Station Province Country Current receiver type Current satellite system
1 HANOI Hanoi Vietnam GSV4004B GPS ionospheric scintillation and TEC monitoring
2 HUE Hue Vietnam GSV4004B GPS ionospheric scintillation and TEC monitoring
3 HCM Ho Chi Minh Vietnam GSV4004B GPS ionospheric scintillation and TEC monitoring
4 KUNM Kunming China No longer working
5 CUSV Bangkok Thailand JAVAD TRE 3 DELTA GPS+GLONASSNASS+GALILEO+BEIDOU+QZSS
6 NTUS Singapore Singapore LEICA GR50 GPS+GLONASS+GALILEO+BEIDOU+QZSS
7 BAKO West Java Indonesia LEICA GR50 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
8 XMIS Western Australia Australia TRIMBLE NETR9 QZSS+GPS+GLONASS+GALILEO+BEIDOU
9 HKSL Hong Kong China LEICA GR50 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
10 PIMO Metro Manila Philippines ~ JAVAD TRE G3TH DELTA GPS+GLONASS+GALILEO+BEIDOU+QZSS
11 JOG2  Daerah Instimewa Yogyakarta Indonesia JAVAD TRE_G3TH DELTA GPS+GLONASS+GALILEO+QZSS
12 TWTF Taiwan Taiwan SEPT POLARX4 GPS+GLONASS+QZSS+SBAS
13 KMNM Kinmen Taiwan TRIMBLE NETR9 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
14 CKSV Tainan Tainan TRIMBLE NETR9 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
15 PPPC Palawan Philippines LEICA GR50 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
16 PGEN South Cotabato Philippines LEICA GR50 GPS+GLONASS+GALILEO+BEIDOU+QZSS+SBAS
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Figures 3.4a and 3.4b show the stations distribution and the traces of the visible satellites at
400 km altitudes in a single day over the research area. In these figures, different colour
corresponds to different satellite elevation as indicated in the captions. As the results at all
stations are almost similar, I only select the outcomes at seven IGS stations: KUNM, NTUS,
BAKO, XMIS, HKSL, CUSV, and PIMO to present in this chapter. Table 3.2 shows the total

[T

number of days with GNSS measurements at these stations. The sign indicates no data
obtained. From this datasheet, it can be seen that data at three stations PIMO, XMIS, and
BAKO are quite stable and complete (reach over 90% of total days of 11 years). Only four
stations: PIMO, XMIS, BAKO, and NTUS were able to obtain full data for 11 years. Data at
two stations HKSL and KUNM are less than 60%, due to the lack at the beginning years
(2007 - 2009) at HKSL station and in the last few years (2014 - 2017) at KUNM station.
Nevertheless, with such a number of measurements, we can study the temporal variations of
VTEC over this area both in short-term and long-term variations. In the next sections, daily,

seasonally, and annually variations of VTEC at these seven stations will be revealed and

discussed.

Table 3.2. Number of observed days during 11 years at seven IGS stations

Stations

Year —5MO  XMIS  BAKO  CUSY  NTUS  HKSL  KUNM
2007 364 350 294 i 178 - 354
2008 341 298 354 72 347 ; 360
2009 316 359 330 364 279 ; 364
2010 365 356 321 363 356 188 363
2011 363 340 358 346 345 193 358
2012 366 364 358 365 366 268 347
2013 365 365 360 363 365 361 31
2014 356 362 344 289 219 340 ;
2015 349 365 329 264 95 349 ;
2016 366 343 322 364 43 346 ;
2017 365 346 310 338 252 361 ;
5 3916 3848 3680 3128 2845 2406 2177

(97.5%)  (95.8%) (91.7%) (77.9%) (70.9%) (59.9%) (54.2%)
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Figure 3.4a. Distribution (left) and satellite traces (right) of 16 GNSS stations over the
research area (Different color refers to different satellite elevation: red: <20°, black: [20°,30°],

blue: [30°,40°], yellow: [40°,50°], magenta: >50°)
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Figure 3.4b. Satellite traces of 16 GNSS stations over the research area (Different color refers
to different satellite elevation: red: <20°, black: [20°,30°], blue: [30°,40°], yellow: [40°,50°],

magenta: >50°)

1 https://omniweb.gsfc.nasa.gov/form/dx1.html
32 http://sidc.oma.be/silso/

33 http://www.sidc.be/silso/datafiles

>4 http://www.stce.be/news/417/welcome.html
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3.2. Diurnal variations

The diurnal variation of TEC is attributed to the daily rotation of the Earth. To determine the
diurnal variation of the ionosphere, VTEC at seven IGS stations (KUNM, NTUS, BAKO,
XMIS, HKSL, CUSV, and PIMO) have been calculated for the 11-year period from 2007 to
2017. Measurements of the above stations are the RINEX files version 3.00 were downloaded
from the official website of The Crustal Dynamics Data Information System (CDDIS) @3
VTEC is calculated by using the combination of phase and pseudo-range measurements
which is more reliable than those by using only the pseudo-range measurements as indicated
in some publications [Liu et al., 1996, Carrano & Groves, 2009]. In our preliminary results,
there were a few VTECs that had negative values, mainly due to the multipath error. All these
values had been removed before moving to the next steps. Also, I put the satellite elevations

cut-off at 20° for all calculations to constrain the incidental errors at observations with low

satellite angle.
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Figure 3.5. Daily variations of VTEC in October 2014

It is also necessary to mention that, each observed day corresponds to one file. Therefore,
in total, I have exactly 22000 files (this corresponds to approximately 78.3% of the total
number of measurements for seven stations in 11 years). These 22000 files were processed
and calculated to give VTEC values at every half of a minute (signal recording interval of the
IGS receivers). The sampling rate of RINEX observation in 30 seconds will allow giving
more precision in the calculation of VTEC than using GIM model which only provides VTEC

every 2 hours.
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Figure 3.5 describes diurnal variations of VTEC. The example chosen is one of the peak
months of solar activity, i.e. October 2014. There are no large magnetic disturbances in this
month, the Dst index varies from -36 nT to 3 nT as shown in Figure 3.6 (source: OMNIWeb
36)y. However, the diurnal amplitude of VTEC varies significantly and repeatedly from day to
day indicating that, there is no direct relation between Dst index and diurnal amplitude of

VTEC.
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Figure 3.6. The daily averaged of Dst index during October 2014

To have a more clear view of daily variations of VTEC in different months, the monthly
mean VTEC have been calculated. Figures 3.7a-b show two examples of the diurnal
variations of VTEC at station CUSV in two years (2009 and 2014) having a very different
intensity of solar activity. In these figures, the horizontal axis represents 24 hours in local
time, the vertical axis represents the value of VTEC in TECU. Different colours and lines

style correspond to different months of the year.

33 ftp://cddis.nasa.gov/gnss/data/daily/
3% https://omniweb.gsfc.nasa.gov/form/dx1.html
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Figure 3.7a. The averaged diurnal variations of VTEC at sta. CUSV in each month of 2009
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Figure 3.7b. The averaged diurnal variations of VTEC at sta. CUSV in each month of 2014

According to local time, starting at the lowest value in the early morning, VTEC gradually
increases to its maximum at afternoon. Shortly thereafter, VTEC begins its downward process
for a circuit until the early morning of the next day and repeats this process as indicated in
Figure 3.5. Thus, the diurnal variation of VTEC reaches a maximum in the daytime at about
13h-16h (LT) and a minimum at nighttime, about 04h-05h (LT). The diurnal amplitude of
monthly mean VTEC changes from minimum at night of about 3 TECU to a maximum of
about 80 TECU right after the afternoon. These values are also dependent on the month of the
year and the solar cycle. After 22h local time, VTEC does not fluctuate much and maintains
low values for all night. This maximum amplitude of VTEC may have a delay of about 13 m
to the range for the L1 frequency.
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The fact that VTEC reaches its maximum at daytime and minimum at nighttime is
completely understandable and can be explained by the formation and existence of the
ionosphere under the effect of solar radiation. Besides, this phenomenon also mainly depends
on the ion photochemical process. During the daytime, this process happens vigorously with
high ion and electron generation rates causing the total number of the electron in the
ionosphere to increase and reach its maximum. We know that at the moment of exactly noon
(12h LT), the position of the Sun is at the zenith of the station, the rate of ion generation and
the electron reach a maximum. But the maximum level of VTEC hardly happens at midday
local time but is reached in the early afternoon. This shows that in addition to ionizing solar
radiation, VTEC also depends on other dynamic processes such as wind in the ionosphere,
electric field, magnetic field,... By the time the Sun goes down, the total number of electron
gradually decreases due to the absence of ion photochemical process, which is dominated by
the process of collision and recombination. However, the electronic concentration is still
maintained during the night hours due to the neutral wind in the meridian plane facing the
equator. This raises the plasma along the magnetic field line to a higher height, at which the
electron attenuation coefficients are small enough to maintain the existence of the total

number of electron throughout the night.

From the results of VTEC calculation, I also collect the maximum and calculate the mean
of VTEC at every month during 11 years for all seven stations and then compute the average
of these values in each year. The results are shown in Table 3.3 (“-” means no data obtained)
and this table is graphed in Figures 3.13a and 3.13b. In this table, the last row is the average
of the maximum and monthly mean VTEC during 11 years, the last column is yearly averaged
of radio flux F10.7 index (source: OMNIWeb). The third row is the correlation coefficient
between the corresponding column and the F10.7 index. All these coefficients are
approximately 1, which indicates a high correlation between VTEC calculated with the solar
index. At this point, we only consider the maximum monthly VTEC. Calculation results show
that the value of VTEC at 3 stations BAKO, XMIS, HKSL is much higher than the remaining
stations. The reason for this phenomenon is because of its position. Looking back at Figure
3.4a, stations BAKO and XMIS are located close to the southern crest of EIA and station
HKSL is located right over the northern EIA’s crest. Meanwhile, stations CUSV, NTUS, and
PIMO are located closer to the magnetic equator, hence, mean VTEC at these three stations
are considerably smaller than the two above stations. Station KUNM is located a little north
of the equatorial anomaly line, but still closer to the EIA northern crest than the stations

CUSV, NTUS, PIMO, so its average VTEC is a little bit higher.
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The difference in VTEC at different latitudes is due to the influence of the equatorial
plasma fountain (EPF). Accordingly, ions are ejected from the equator to form an increase in
ionic density to the north and south of equator. Figure 3.8 describes the process of the plasma
fountain in the equatorial anomaly area. The equatorial plasma fountain and equatorial
anomaly arise from the vertical upward drift of plasma across the geomagnetic field lines at
equatorial latitudes due to (ExB) forces and the subsequent downward diffusion of plasma
along the field lines to higher latitudes under the influence of gravity and pressure gradient
forces [Hanson and Moffett, 1966]. The plasma fountain and the anomaly exhibit north-south
asymmetries about the geomagnetic equator mainly due to field-aligned plasma flows caused
by neutral winds [Rishbeth, 1972 and Titheridge, 1995]. The result of this phenomenon leads
to the F region electrodynamic (ExB) drift generates the plasma fountain and the anomaly
symmetrically to the magnetic equator. The anomaly crests at both hemispheres occur under
the impact of the neutral wind with larger plasma flow. During the daytime, when the drift is
upward, the fountain rises to about 800 km altitude at the equator and covers about +30°
magnetic latitude. Outside the reach of the fountain, plasma flows toward the equator from
both hemispheres. This convergence of plasma leads to the formation of an additional layer
(called the G layer) within £10° of the magnetic equator during the prenoon hours when the
drift is large. At the magnetic equator, the maximum plasma concentration of the G layer can
be greater than that of the F layer for a short time just before noon and when the drift starts to
decrease. In the evening, soon after the drift turns downward, the fountain becomes a reverse
fountain with a supply of ionization from both hemispheres from regions outside the fountain.

The reverse fountain acts as

the main source for the F REGION IONIZATION
TRANSPORT PROCESSES

nighttime increase in
ionization at equatorial
anomaly latitudes, with some
contribution from the
prereversal strengthening of L & neaion

the forward fountain [Balan et

al., 1995].

Figure 3.8. Principle of the fountain effect in EIA region 37

7 https://www.slideserve.com/ula/ionosphere-climate-studied-by-f3-cosmic-constellation
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Table 3.3. Annual average values of the monthly maximum and mean VTEC

CUSV KUNM NTUS BAKO XMIS HKSL PIMO
Year max mean max mean max mean max mean max mean max mean  max mean  F10.7cm
0.99 1.00 0.95 0.99 0.99 0.98 1.00 0.98 0.99 0.95 0.97 0.93 0.92 1.00
2007 - - 53.2 12.5 39.7 12.9 63.2 13.5 48.8 10.7 - - 37.0 13.5 73.1
2008 29.8 11.7 46.7 12.0 35.2 12.9 58.4 13.1 56.3 11.2 - - 32.5 12.4 69.0
2009 30.1 12.0 46.1 12.1 314 12.3 533 12.9 48.5 11.6 - - 31.8 12.5 70.5

2010 40.5 16.4 64.3 15.6 42.7 16.6 63.7 17.9 55.1 133 53.8 14.4 43.6 16.6 80.0
2011 62.2 253 88.8 23.1 74.4 24.0 93.4 26.6 923 20.9 72.7 21.2 65.7 26.1 113.3
2012 69.0 28.2 97.6 25.8 78.9 26.9 99.8 30.3 104.4 242 93.6 28.1 70.4 28.5 120.0

2013 69.7 29.1 - - 70.7 28.0 94.6 31.9 105.6 249 96.5 29.4 73.1 29.8 122.7
2014 71.5 334 - - 95.9 32.0 121.8 36.6 113.5 29.2 115.2 35.2 93.5 35.5 145.9
2015 69.8 29.7 - - 96.1 32.8 113.2 31.0 97.8 234 109.0 27.4 72.6 29.1 117.7
2016 50.0 20.1 - - 50.3 21.1 68.8 20.3 94.4 16.0 70.7 17.1 50.8 19.4 88.7
2017 41.2 15.9 - - 37.9 14.5 55.2 16.5 67.2 12.6 56.0 12.9 42.6 15.2 77.3

Average 54.0 22.2 66.1 16.8 59.4 21.3 80.5 22.8 80.4 18.0 83.4 23.2 55.8 21.7

Comparing the average value of VTEC among the months, we also see VTEC obtained in the equinoctial months like March (Mar), April
(Apr) or September (Sep), October (Oct) has a much higher value than the rest of the year. This is a manifestation of the seasonal distribution of
VTEC and will be analyzed in detail in Section 3.3. Besides, the maximum amplitude of VTEC in 2014 is approximately three times than that in
2009. Concerning this difference between the most active (2014) and weakest (2009) solar years in the 24" cycle of the Sun, we can realize the

impact of solar activity on the amplitude of VTEC. This matter will be investigated in Sections 3.4 and 3.5.
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3.3. Seasonal variations

Figure 3.9 shows seasonal variations of monthly maximum VTEC at station CUSV. The
horizontal axis represents months and the vertical axis is VTEC in TECU. VTEC's monthly
variations are shown for 11 years corresponding to different line types and colours. Such
performance also facilitates the monitoring and comparison of VTEC between years, which

will be discussed in the next section.
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Figure 3.9. Seasonal variations of the monthly maximum VTEC at station CUSV

Whilst Figure 3.9 depicts the seasonal variation of VTEC at one station for all 11 years,
Figures 3.10a-b show the monthly variation of VTEC for all stations in a year. Figures 3.10a
and 3.10b correspond to 2010 and 2014 respectively. Note that the data in 2014 at station
KUNM is missing. From these figures, it can be recognized the seasonal changing trend of
VTEC as follows: reaching its maximum in the equinoctial months, which are the vernal
equinox (March - April), and the autumnal equinox (September - October) and minimum in
winter and summer months. Generally, the seasonal variation depicts a semi-annual
distribution. This changing trend is completely similar to that of ionospheric scintillation,

which will be discussed in Chapter 4 (Figure 4.9).
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Figure 3.10a. Seasonal variations of the monthly maximum VTEC in 2010
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Figure 3.10b. Seasonal variations of the monthly maximum VTEC in 2014

As mentioned in Section 3.1, VTEC has been computed at the sampling rate of GNSS
observations i.e. 30 seconds. Thus, there are 2880 VTEC values calculated per day in case the
RINEX file provides full data of 24 hours. To study the VTEC variations in long-term, I
calculate the mean value of VTEC for each day based on 2880 VTEC results. The results are
then illustrated in 11 years (4018 days) as shown in Figures 3.11a-g.
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Figure 3.11a. Daily mean VTEC during SC24 at station PIMO
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Figure 3.11b. Daily mean VTEC during SC24 at station XMIS
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Figure 3.11c. Daily mean VTEC during SC24 at station BAKO
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Figure 3.11d. Daily mean VTEC during SC24 at station CUSV
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Figure 3.11f. Daily mean VTEC during SC24 at station HKSL
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Figure 3.11g. Daily mean VTEC during SC24 at station KUNM

In these figures, I also use the moving average smooth function, which is commonly used
in time series analysis, to smooth out short-term fluctuations and highlight longer-term trends
of VTEC. In Figures 3.11a-g, the yellow line is daily VTEC mean, blue and red lines are the
moving average smooth functions with spans are 99 days and 999 days, respectively. The
semi-annual variations of the ionosphere can also be observed in these figures with two ups
and downs each year. This trend reflects a seasonal asymmetry in the solstices and equinoxes

or in other words, the seasonal variation of the ionosphere shows a semi-annual pattern.

Suppose we need to smooth the vector y to obtain the result yy = smooth(y). This function
smooths the data in the column vector y using a moving average filter. Results are returned in
the column vector yy. Assume the span for the moving average is 5, then the first few

elements of yy are given by:

yy(1) =y(1)

yy(2) = (y(1) + y(2) + y(3))/3

yy(3) = (y(1) + y(2) + y(3) + y(4) + y(5))/5
yy(4) = (y(2) + y(3) + y(4) + y(5) + y(6))/5

For the moving average method, span must be odd. With 4018 days in 11 years, the chosen
spans are approximately 100 days and 1000 days in order to properly describe the essence of

the long-term variations of VTEC.
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The temporal variability characteristics of TEC in the Southeast Asia region are similar to
the research results for the Indian region as [Rama Rao et al., 2006] concluded. So far,
seasonal variability of the ionosphere has been carefully studied and explained in many
papers. The explanation for this phenomenon can be summarized in several approaches as
follows: because of the seasonal changes in atmospheric composition [Wu et al., 2004 and
Rama Rao et al., 2006]; due to the combined effect of the solar zenith angle and magnetic
field geometry [Wu et al., 2004 and Bagiya et al., 2009]; the daytime ExB drift velocities are
larger in the equinoctial months and winter months than in the summer months resulting in
semi-annual variation [Olatunji, 1967, Scherliess and Fejer, 1999, Bailey et al., 2000, and Liu
et al., 2006, 2009]; owing to the variation in the noon solar zenith angle, which is an
important factor for the production of ionization [Olatunji, 1967, Bailey et al., 2000, and Liu
et al., 2006, 2009].

In the context of this research, the seasonal variations of TEC can be explained based on
the physical mechanism of the ionosphere. Theoretically, the Sun's intensity of radiation
hitting the Earth is highest in the summer, and then the rate of ionization due to radiation is
also the highest. In other words, the ion generation rate in the ionosphere in summer is the
largest of the year. According to this theory, TEC can reach a peak in the summer. But the
actual results show that TEC's seasonal variability can be considered as opposed to the
increase in the rate of ionization. Such results are thought to be related to the equilibrium
between the production process and the disappearance of ions in the ionosphere. As already
known, the main neutral gas components in the atmosphere are O, N, and O,. Thus, the main
ions generated by ion photochemical and the interaction in the atmosphere are O", NO" and
0" according to photochemical reaction equations. In the F region of the ionosphere, the ion
generation rate is directly proportional to the concentration of atomic oxygen (O) and the ion
recombination increases mainly with the increase of molecular nitrogen density (N,).
According to the global electron model, atomic oxygen density declines sharply in the
summer and increases in the equinox seasons, the N, component increases in the summer and
dominates the atomic oxygen. Thus, in the summer, the rate of plasma generation decreases
with the rate of recombination increased significantly. As a result, the density of electrons in
the ionosphere decreases and in the equinox months, the ion generation rate increases leading

to electronic density increases and reaches its maximum.
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Diurnal and seasonal variations of the ionosphere can also be identified in the temporal -
latitudinal VTEC maps in Figure 3.12. This kind of map is produced from the observations
(RINEX file) at all IGS stations in the research area during the study period (2007 - 2017) and
it indicates time and latitude distribution of VTEC. Methods of establishing this type of map
will be introduced in Chapter 6, data used is monthly mean VTEC. In this section, I only
show the illustrations for 2012. Similar to other maps used to determine the variation of
VTEC over time, in this figure, the horizontal axis represents UTC. As the longitude of the
research area is 105°, so the LT is equal to UTC plus 7 hours. The vertical axis, instead of
showing the intensity of VTEC as usual, is used to indicate geographic latitude. The intensity
of VTEC can be estimated by colour based on the colour bar scale on the right side of the
images, its unit is TECU. It can be seen that this type of map not only provides information
about the temporal variations but also the spatial variations of the ionosphere. With all
available data in the research area, the ionosphere can be investigated in the latitude area
range from about 10°S to 30°N at the position of 105°E longitude. At first glance, we can
recognize the two crests of equatorial anomaly exist symmetrically to the magnetic equator.
Therefore, using this map would be very convenient for the study of EIA. This issue will be

extensively studied in Chapter 6.

From Figure 3.12, it can be seen that activity intensity of the ionosphere is strongest in
March, April and September, October, November (equinox months) and gets weakest in June,
July and December (solstice months). Daily variations are also evidently recognizable when
VTEC reaches its highest value just after lunch, and then maintains low values throughout the
evening and night until early morning the next day. However, its value and variability also
greatly depend on the latitude, the amplitude gets stronger in places close to the crests of the
anomaly. For further study the northern and southern hemispheres, additional GNSS stations
need to be added in these areas. Or a simpler way is to take advantage of the global VTEC
data (GIM) from the IONEX file (this will be presented in Chapter 6).
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Figure 3.12. The (monthly mean) temporal - latitudinal VTEC maps in 2012 (LT=UTC+7 h,
TECU unit)

3.4. Annual variations

The purpose of the 11-year VTEC calculation is to have enough databases for the analysis of
the annual changes of the ionosphere, as well as to consider its interaction concerning the

phase of solar activity. Figures 3.13a-b (horizontal axis is 11 years starting from 2007,
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vertical axis is TECU) graph the data given in Table 3.3 with the data illustrating the annual
average of the largest VTEC (Figure 3.13a) and the mean VTEC (Figure 3.13b) in each
month. The plots best illustrate the similarity between the variability of the ionosphere and the
intensity of the Sun's activity, that is VTEC reached the lowest values in the period of 2008 -
2009, then increased steadily in the following years from 2010 to 2013 and peaked in 2014
before entering the period of decline from 2015 to 2017.
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Figure 3.13b. Annual average variations of the monthly mean VTEC
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Figures 3.14a-g show the VTEC maps of seven stations which have been established for
the whole year during 11-year of SC24, the white areas indicate no data. As the receiving
stations are at different latitudes, time is converted into local time aims to be more physical
and clear to show diurnal variation of VTEC. In these figures, the horizontal axis represents
local time, the vertical axis is symbolized in months to point out seasonal variations of VTEC.
Bar colour scale is the benchmark for evaluating VTEC amplitude, it is the same for all maps
to facilitate VTEC comparison between years. This type of map shows all kind of temporal
variations of the ionosphere including daily, seasonally, and yearly. The trend of quarterly
variation of VTEC is straightforward in each year, nevertheless, this trend also depends on the
phase of the Sun’s cycle. Indeed, in both Figures 3.11 and 3.14, the amplitude of VTEC at
each station is greater in autumn than in spring for 2009 - 2013 periods (increasing phase of
SC24), whereas for 2014 - 2016 (decreasing phase of SC24), the amplitude of VTEC is
greater in spring than in autumn. Thereby, in addition to the seasonal changes that occur
regularly every year, the ionosphere also varies according to the phase of solar cycle with the
following rule: VTEC in two equinox months changes uniformly along with the uptrend or
downtrend of solar phase. This feature is not shown clearly from 2007 to 2009, which is the

transitional period between the 23 and 24™ of solar cycle.

In Figures 3.14a-g, with more than 90% data collected, the annual variability comparisons
at PIMO, XMIS and BAKO stations are more clearly identifiable than the rest. It can be seen
in all figures, the map for 2014 always reflects the remarkable value of VTEC compared to
the remaining years, followed by the adjacent years of 2013, 2015 and somewhat of 2012.
Meanwhile, the heat map for the years from 2007 to 2010 and 2016, 2017 is rather quiet as
the solar radiation operates at a relatively low intensity during these years. In general, the
annual variation trend of the ionosphere exhibited in these figures is completely similar to the
trend shown in Figure 3.13 and have a good agreement with the 11-year period of the Sun.
This agreement is entirely understandable since the state of the ionosphere (concerning the
radio propagation) primarily depends on solar radiation. Other noise factors such as solar
wind, solar flares, CME and coronal holes may also have a partial impact on the ionosphere
but it can only affect in a short term, while in the long term the solar radiation is, of course,
still a crucial factor. To find out more about this conformity, I calculate the correlation
coefficients between VTEC and the solar indices. This issue will be considered in the next

section.
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Figure 3.14a. VTEC map at station PIMO during SC24
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Figure 3.14b. VTEC map at station XMIS during SC24
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Figure 3.14c. VTEC map at station BAKO during SC24
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Figure 3.14d. VTEC map at station CUSV during SC24
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Figure 3.14e. VTEC map at station NTUS during SC24
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Figure 3.14f. VTEC map at station HKSL during SC24
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Figure 3.14g. VTEC map at station KUNM during SC24

Overall, the annual trend of the ionosphere has been inspected in this section. Nonetheless,
if paying close attention to the period 2010 - 2014, although this is an upward phase of the
solar cycle, VTEC has made a slight change in the amplitude of fluctuations at the end of
2012 and early 2013. This modest but abnormal change is also visible in Figures 3.13a-b.
Specific calculation results of the change of the mean value of VTEC (including monthly
mean and monthly maximum) and solar activity index (F10.7) in different stages of SC24 are
displayed in Table 3.4, therein VTEC calculation results are averaged from seven stations
according to the data given in Table 3.3. Specifically, while in the period 2010 - 2014, the
average annual growth rate of monthly mean VTEC was 28.3%, this index was 4.0% from
2012 to 2013. Therefore, only in the period of 2012 - 2013, the growth rate of monthly mean
VTEC reduced from 36.9% previously to 4.0%, even the average (of seven stations) of
maximum monthly VTEC not only does not increase but also decreases by 1.1% (compared
to the previous 34.9% increase) during this stage. Also in this table, the correlation
coefficients between yearly averaged of monthly mean VTEC and yearly averaged of monthly
maximum VTEC with the F10.7 index are very high, respectively 0.98 and 0.99. This
demonstrates a high degree of consistency between the calculated results and the official
published solar indices. Based on the background of Figure 3.1, 1 describe in detail
(percentage of increase or decrease) the variation in amplitude of fluctuation of monthly
maximum VTEC in 11 years of research as shown in the Figure 3.15. Of course, these results

are only based on data obtained at a few IGS stations in the Southeast Asia region.
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Table 3.4. Percentage change of yearly averaged VTEC and F10.7

Period Monthly mean VTEC (%) Monthly maximum VTEC (%) F10.7cm (%)
2010 - 2012 +36.9 +34.9 +25.0
2012 - 2013 +4.0 -1.1 +2.3
2013 - 2014 +16.8 +21.7 +18.9
2010 - 2014 +28.3 +26.7 +20.6
2014 - 2017 -18.9 -17.1 -15.7
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Figure 3.15. The actual variation trend of monthly maximum VTEC's annual average

compared with the SSN of SC24

3.5. Correlation between VTEC and solar indices

As mentioned in Section 3.1, the solar radio flux at 10.7cm (2800 MHz), called F10.7 index,
is an excellent indicator of solar activity. It is one of the longest-running records of solar
activity. Among the solar indices, this index correlates well with the sunspot number and is
commonly used in space weather research. In the field of geodesy, it can be used to study
radio propagation which is a key point of all space geodetic techniques. The F10.7 index has
been measured consistently in Canada since 1947 and can be made reliably and accurately
from the ground in all weather conditions. It has the unit of SFU. Usually, this index can vary
from below 50 SFU to above 300 SFU mainly depends on the active state of the Sun. Actual
observation results in the period of 2007 - 2017 showed that this index reached the maximum
value of 255.0 SFU on June 22" 2015 (DOY 173) and reached the minimum value of 64.6
SFU on November 9" 2017 (DOY 313).
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Meanwhile, the index most commonly used to characterize the intensity of solar activity in
all areas of research is generally the sunspot number (SSN). It is determined by counting
sunspots areas on the Sun. With such a principle, this index is somehow not so
straightforward and sometimes the final result from different research centres is not identical.
There are two official SSN indices in common use: the Boulder Sunspot Number and the
International Sunspot Number. Therein, the first one is computed by the NOAA Space

Environment Center using a formula devised by Rudolph Wolf in 1848 &%

R=k (10g+s) (3.1)

where R is the sunspot number; g is the number of sunspot groups on the solar disk; s is the
total number of individual spots in all the groups; and k is a variable scaling factor (usually
<1) that accounts for observing conditions and the type of telescope (binoculars, space
telescopes,...). Each observatory provides their own k factor and the final result expresses in
daily value is obtained by combining the data. The second one, meanwhile, has been being
produced by the Solar Influences Data Center in Brussels, Belgium. Both the Boulder and the
International numbers are calculated from the same basic formula, but they incorporate data
from different observatories resulting in the Boulder number is usually about 25% higher than
the International Sunspot Number. The SSN index can range from 0 to over 200. During the

last 11 years, the largest SSN index recorded is 220 occurring on 27.02.2014 (DOY 58).

In this section, I rely on the two above solar indices to evaluate our VTEC results and also
to examine the correlation between the ionosphere alteration (which is characterized by TEC)
and the solar cycle. Only for the daily mean VTEC, I add the Lyman alpha (Ly-a) index
which is mainly used in physics, aims to compare with these two widespread solar indices. To
measure the strength of the relationship between VTEC and solar indices, an equation of

correlation coefficient has been used. The express of this equation is as follows:

Lx—X)(y-y)
C I(X,Y) = 2
orrel(X,Y) VEGE-%)?2E(y-¥)? (32)

where: x is VTEC with different calculation options; y is the solar index (Radio flux F10.7cm
or SSN); and X and y are the average value of x and y. This is the “Pearson product-moment”
correlation which is one of the most commonly used correlation coefficients. It measures the
strength and direction of the linear relationship between two variables. Its value can range

from —1 to +1, where £1 indicates the strongest possible agreement and O the strongest
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possible disagreement. The strength of the relationship varies in degree based on the value of
the correlation coefficient. Usually, a correlation coefficient with an absolute value not less
than 0.8 would represent a strong relationship. In case formula (3.2) gives a result of 0.9 or

greater, it can be considered that x and y vary completely uniformly.

VTEC has been calculated to compare with the solar indices including the monthly
maximum, the monthly mean and the daily mean. In a single day, I have 24x60x2=2880
results, in a single month I have about 2880x30=86400 results, the results in one year is
around 2880x365=1051200, and in total 11 years, I have aboutl1563200 results. With
different consideration periods such as daily, monthly or yearly, the highest VTEC value is
collected and the average VTEC value is computed. Then apply formula (3.2) to calculate the

correlation coefficients that produce the results shown in Table 3.5.

Table 3.5. Correlation coefficients between VTEC and solar indices

. Monthly maximum (1) Monthly mean (2) Daily mean (3)
Stations Average
SSN F10.7 SSN F10.7 SSN F10.7 Ly-a
BAKO 0.66 0.72 0.83 0.87 0.72 0.76 0.81 0.80
CUSV 0.87 0.89 0.87 0.90 0.77 0.83 0.87 0.85
KUNM 0.86 0.85 0.82 0.80 0.70 0.72 0.76 0.76
NTUS 0.72 0.74 0.89 0.89 0.82 0.85 0.89 0.87
HKSL 0.64 0.73 0.77 0.83 0.63 0.70 0.76 0.74
XMIS 0.64 0.65 0.78 0.85 0.64 0.71 0.74 0.75
PIMO 0.83 0.86 0.86 0.90 0.76 0.82 0.86 0.84

In Table 3.5, the last column is the mean correlation coefficient of all corresponding

coefficients. From this table, some points can be drawn as follows:

e The correlation coefficients between the monthly mean VTEC (group 2) and the solar
indices are better than the monthly maximum (group 1) and the daily mean (group 3) as
all these factors corresponding to it reach around 0.85. In which, three stations CUSV,

NTUS, and PIMO all have a correlation coefficient of approximately 0.9.
e In group 1 the results at CUSV station (average 0.88) are most similar to the solar indices.

e As the average of the three solar indices at all stations in group 3 does not exceed 0.8, the
correlation coefficient calculated by day (group 3) seems to give lower value than the
correlation coefficient calculated by month (groups 1 and 2). According to the basic
principle of time series analysis, this is completely understandable since the monthly data

series often gives more generalization than the daily data series.
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e Among the three solar indices used, the F10.7 and Lyman alpha indices are considered to
be more consistent with the VTEC results since the average correlation coefficient

calculated is approximately 0.80, the corresponding number for SSN index is about 0.77.

e The result of VTEC at CUSV station (average correlation coefficient is 0.85) is closest to
the trend of solar cycle in the research period. The best correlation index is also found at
this station, which is the correlation coefficient between monthly mean VTEC and the
F10.7 index. Meanwhile, the results at KUNM, HKSL, and XMIS stations showed little
similarity (less than 0.80) to the solar indicators, this properly partly due to the lack of
data at these stations. In addition, HKSL station also noted the lowest correlation factor of

0.63 between the daily mean VTEC and the SSN index.

Figures 3.16a-b illustrate an example of the correlation between monthly maximum VTEC
and the solar indices at CUSV station (F10.7 index corresponds to Figure 3.16a, SSN index
corresponds to Figure 3.16b). The horizontal axis is time representing the study period, the
left vertical axis is the TEC value in TECU, and the right vertical axis is the solar indices.
Note that some empty columns are due to lack of data in the corresponding months at CUSV
station. These plots give a visual view of the interaction between (monthly maximum) VTEC
and solar indicators. The seasonal variations of VTEC and its dependence on the solar cycle

phase can be also somewhat realized.
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Figure 3.16a. Correlation between monthly max. VTEC and the SSN index at station CUSV
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Figures 3.17a-b describe the monthly mean VTEC of seven stations and their correlation
factors with the solar indices. The description of the coordinate axis notation is similar to the
Figures 3.16a-b. Stations are distinguished by its colour. The dashed blue line represents for
mean VTEC, but this is not the mean VTEC calculated from seven stations but the mean
VTEC for the whole Southeast Asia region attained from the IONEX data of GIM (this result
is obtained by the calculations in Chapter 6). It can be realized that VTEC obtained from
IONEX file in the Southeast Asia region has a better level of compliance with the F10.7 index
(Corr. factor 0.89) than that of SSN index (Corr. factor 0.87). These figures visually depict the
similarities between monthly mean VTEC and the indications of solar cycle. Once again, the
annual variation of the ionosphere as indicated in Figure 3.15 is reproduced in these plots,
which is that during the 2010 - 2014 growth period, VTEC showed signs of slowing down a
bit in early 2013 before returning to the usual cycle. Besides, the seasonal and annual

variability of the ionosphere can also be exhibited in these figures.

38 https://spaceweather.com/glossary/sunspotnumber.html

70


https://spaceweather.com/glossary/sunspotnumber.html

TEC variations during SC24 over the South East Asia area

60 T T T 180
—— KUNM: 0.80
—— NTUS: 0.89
——BAKO: 0.87
501 xmis:0.85 160
—— HKSL: 0.83
CUSV: 0.90 _
40H PIMO: 0.90 140 2
===*Mean monthly TEC: 0.89 A
= —F10.7 £
2
£ 30 120 E
O
2 E
o
20 f'/\ 100 E
A M A A
J \\} /J \ \ //v\\ \\
R4 % i e VaRY/IN
10 \ 70N \ 7 \Y% ) B AR
\/\ji\/ﬂ/ Vi N\
0 )
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 207
Time [Year]

Figure 3.17a. The monthly mean VTEC of seven IGS stations and its correlation coefficient

with the F10.7 index
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Figure 3.17b. The monthly mean VTEC of seven IGS stations and its correlation coefficient
with the SSN index
3.6. Chapter summary
In this section, I summarize the main contents and some significant results obtained in this

chapter. These include:

- Section 3.1 provides a brief introduction to the solar cycle, which highlights the important
impact of the Sun on the ionosphere. Introducing the solar indices currently in use and

emphasizing on the two solar indices: radio flux F10.7cm and the International Sunspot
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Number (SSN), which are befitting and widely applied in the research of radio

propagation.

Also in this section, the research area, study period and usage data are introduced.
Specifically as follows: the research region is Southeast Asia stretches from 15°S to 30°N
latitude and from 95°E to 130°E longitude; study period is a full solar cycle with 11 years
starting from the beginning of 2007 until the end of 2017; data is all available IGS stations
over the research area during the study period. They are KUNM, HKSL, PIMO, CUSV,
NTUS, BAKO, and XMIS stations located from the north to the south. Nearly 80% of
GNSS measurements were collected at seven stations during 11 years (in which three
stations reached over 90%). This amount of data is estimated to be sufficient to study the
variations of the ionosphere (characterized by TEC) both in short-term and long-term. All
these data are then calculated and processed by the ionosphere software tool introduced in
Chapter 2 to give VTEC results for the entire study period at all stations (with an interval
of 30 seconds).

Starting from Section 3.2, the temporal variations of the ionosphere are gradually

clarified. The first is the diurnal variation with some main conclusions are as follows:

o Daily variation happens even in the very quiet days (as evidenced by the Dst

index).

o Specifically, the daily variation of TEC takes place as follows (in local time):
reaches its highest value after lunch (peaks at about 2-3 pm), then steadily reduces
and remains stable at low value during the nighttime (reaches the lowest value at
about 4-5 am), and then gradually increases again in the morning before reaching
the peak of the next day. This cycle is notorious and confirmed by numerous

publications so far.

o The explanation for this process has been given, it can be summarized that the
reason mainly due to the formation and existence of the ionosphere under the

effect of solar radiation.

o A table of annual average values of the monthly maximum and mean VTEC has
been presented. Data given in this table shows a high correlation between VTEC

results and the F10.7cm index as all correlation coefficients are greater than 0.9.
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o Explain the equatorial plasma fountain (EPF) effect to clarify the relationship
between EIA and the ionosphere, which is the cause of VTEC differences between
stations: VTEC usually reaches a larger value at stations near the equatorial
anomaly (specifically at three stations BAKO, XMIS, and HKSL in our case
study).

- Seasonal variations of the ionosphere are considered in Section 3.3, which providing some

main results as follows:

o TEC reaches its maximum in the equinoctial months two times per year, these are
in vernal equinox and autumnal equinox and gets minimum in winter and summer

seasons. This rule has also been announced in many reference articles.

o The cause of the seasonal variations of TEC is explained by the physical

mechanism of the ionosphere.

o The results of VTEC calculation for 11 years at seven stations are graphed by
charts of daily mean VTEC. This type of map clearly illustrates the daily, monthly,

and annual changes of the ionosphere.

o The next invention of this section is the dependence of seasonal variation of VTEC
on solar phase: VTEC computed (in the research area) in months of equinox varies

uniformly with the trend of the solar phase.

o The temporal - latitudinal VTEC map has been introduced to show both temporal
and spatial distribution of VTEC. Besides, this map can provide information such
as location, time of occurrence, and intensity of the crests of EIA, thereby
clarifying the important role of EIA in the study of the ionosphere (in terms of
VTEC’s amplitude: depends on the reciprocal position of the observed station
compared to the anomaly lines). This issue will be further investigated in Chapter

6.
- Section 3.4 presents the annual variation of the ionosphere with the following basics:

o There has been a good agreement between the calculated VTEC results with the

officially published solar indices.

o The VTEC maps at seven stations during 11 years of research has been

established. Similar to the plots of daily mean VTEC, this kind of map is an
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aggregate representation of VTEC's time variation in all time frames: daily,

monthly, and yearly.

The annual variation of VTEC is explained based on the impact of the Sun’s
activity on the ionosphere since this layer of the atmosphere is ionized by the solar

radiation.

The solar cycle is a well-known definition and during the period of 2007 - 2017, it
is widely accepted that the period of 2010 - 2014 was the increasing phase and the
period of 2014 - 2019 was the decreasing phase of SC24, in which 2014 was the
year with the most active solar radiation and 2008, 2009 were quite quiet years.
However, from my research, it was found that during the rising solar phase of
2010 - 2014, there was a slight fluctuation in VTEC amplitude in early 2013
resulting in the maximum amplitude of VTEC in 2014 being slightly reduced.
Specifically, VTEC value increased by 34.9% from 2010 to 2012, then
unexpectedly decreased slightly by 1.1% in the following year, after that returned
to increase by 21.7% in the period of 2013 - 2014. Overall, VTEC increased by
26.7% from 2010 to 2014. These numbers are highly similar to the F10.7 index as
exposed in Table 3.4 and Figure 3.15.

- The last mission of this chapter (Section 3.5) is to find out the correlation between

calculated VTEC results and the solar indices during the study period. Specific content as

follows:

o

o

The first is to reintroduce the two basic solar indices: F10.7cm and SSN and give
an explanation of why choosing these two indices to study the correlation between

the Sun’s activity and the variations of the ionosphere.

Then, a formula for calculating correlation coefficient was introduced, it's the

Pearson formula which is commonly used in probability statistics research.

Applying this formula, correlation coefficients between VTEC and solar indices
have been calculated with different VTEC options: monthly maximum, monthly
mean, daily mean. From the results given in Table 3.5, some noticeable remarks

are indicated as:

= The best type of VTEC corresponds to the solar indices is the monthly

mean;
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» Daily correlation is less relevant to solar indices than monthly correlation;

» For the research area and study period, the F10.7 index shows more

consistency with the calculated VTEC than the SSN index;

= Among the stations used, the variations of VTEC at CUSV station are
considered to be the most similar to the solar indices. Conversely, the

correlation between VTEC at HKSL station and the solar indices is lowest.

o The plots illustrate the monthly mean VTEC at seven IGS stations have been also

put on view, which indicate:

» Again, the F10.7 index proved to be more appropriate than the SSN index
in describing the correlation with the calculated VTEC.

* For the first time, monthly VTEC has averaged calculation (from GIM
data) for the entire Southeast Asia region. This is a unique VTEC value
specific to the whole Southeast Asia area, not represents for a single point

as the VTEC results calculated earlier.

= Seasonal and annual variations (including the modest but abnormal change at

the beginning of 2013) of VTEC are also clearly seen in these plots.

75



Occurrence characteristics of ionospheric scintillation over Vietham region

4. Occurrence characteristics of ionospheric scintillation over Vietnam
region
4.1. Data and methodology

To study the occurrence characteristic of the ionospheric scintillation over the region of
Vietnam, data from three continuously operating GPS receivers located through this area has
been used: HANOI (at Phuthuy, the northern part of Vietnam), HUE (the middle part of
Vietnam), and HCM (at Hocmon - Baclieu in Ho Chi Minh city, the southern part of
Vietnam). These three stations are the result of the framework of the co-operation between the
Institute of Geophysics, Vietnam Academic of Science and Technology (VAST) and
Universities of Rennesl and Telecom Bretagne in France. The main aim of this project is to
monitor the Total Electron Content (TEC) and ionospheric scintillation over Vietnam region.
The dual frequencies receiver used is GSV4004B (GPS Silicon Valley) produced by NovAtel
company, it operates at a sample rate of 50 Hz and is therefore suitable for monitoring local
and regional ionospheric activity. The primary purpose of the GSV4004B GISTM (GPS
Ionospheric Scintillation and TEC Monitoring) is to collect ionospheric scintillation and TEC
data for all visible GPS satellites (currently up to 12 satellites), and one to three SBAS GEO
(Satellite-Based Augmentation System for Geostationary Earth Orbit) satellite, and output
data logs, called ISMRB (Information Systems Management Review Board), to a serial port
in either binary or ASCII format [GSV4004B, User’s manual]. Table 4.1 lists basic
information of the stations used in this study and Table 4.2 shows the main results derived

from this receiver.

Table 4.1. List of stations used for ionospheric scintillation research in Vietnam region

Geographic coordinate Type of

No Station Receiver
Latitude Longitude station
1 HANOI 21.02938° 105.95871° GSV4004B GISTM
2 HUE 16.45881° 107.59347° GSV4004B GISTM
3 HCM 9.29903° 105.71102° GSV4004B GISTM

As already introduced in Chapter 1, there are three types of scintillations: amplitude
scintillation (described by S4 index); phase scintillation (described by o, index); and
polarization scintillation. Many studies [Alfonsi et al., 2006; Li et al., 2007; Jacobsen and
Daehnn, 2014; Hlubek et al., 2014] have indicated that amplitude scintillation is more
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appropriate for the low-latitude areas and phase scintillation is more common in the high-
latitude areas. This is because in the high-latitude regions, the ionization density is less than
that in the equatorial regions, but the irregularities move at a speed ten times faster !,
Moreover, phase scintillation is very often influenced by multipath propagation error, the
noise of the receiver’s phase, the drift of Doppler’s phase, ... Therefore, in general phase
scintillation index have not been widely using for the study of scintillation in the EIA region
[Guo et al., 2019]. In this chapter, to indicate the appearance of scintillation activity, S4 index

obtained at three GISTM stations located through Vietnam area has been used. The method of

computing Sy index is already introduced in Section 2.2.

At three GISTM stations, the GSV4004B receiver can provide information about
ionospheric scintillation such as S, index, the standard deviation of the code/carrier phase
(ocep), and the specific parameters of the amplitude scintillation of GPS signals when
travelling through the ionosphere. The receiver GSV4004B consists of three major
components: an L1/L2 GPS antenna, a GPS receiver (NovAtel’s EuroPak-3M) and a power
supply with various inter-connecting cables. Among them, the Euro-3M GPS receiver, with
modified software (firmware), can track up to maximum 11 GPS signals at the L1 frequency
(1575.42 MHz) and the L2 frequency (1227.6 MHz). It measures phase and amplitude at 50
Hz rate and code/carrier divergence at 1 Hz rate for each satellite being tracked on L1 and
computes TEC from combined L1, L2 pseudo-range and carrier phase measurements. The
12" channel aims to measure a noise floor for C/NO and S4 correction computations. The Sy4

index is calculated from the normalized standard deviation of raw signal intensity (S47) in

<SIZ>—<S[>2
Sar = /T (4.1)

with Sl is the signal intensity; <SI> is the average of signal intensity in 60 seconds. The Sar

every one minute [Aarons, 1982]:

index derived from equation (4.1) including the amplitude scintillation and the ambient noise

which is defined as:

100 500
Sano = \/C/No [1 B 19C/N0] (4.2)

with C/No is the ratio of signal to noise. The corrected S, index at frequency f; is then

computed by removing the effects of ambient noise (S4n,) as follow:
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Sy = vV Ssz - SZNo 4.3)

The raw amplitude measurements are detrended (by normalization), either with a 6th-order

Butterworth low-pass filter output (with a user-specified cut-off frequency) or with the
measurement average over the 60-second interval (if the user-specified cut-off frequency is
zero). The total S4 index includes S4 due to the effects of ambient noise (and multipath noise
as well) is computed over the same 60-second interval as the phase parameters. The receiver
also computes the correction to the total S, index (effect of ambient noise), based upon the
average of the raw 1-Hz C/NO values over the same 60-second intervals. Simultaneously with
the calculation process of total S, index, the receiver also collects raw code/carrier divergence
(the difference between code and carrier pseudo-range) at every second. The average and
standard deviation of the code/carrier divergence are then computed every minute. These
values are indicative of multipath (and other noises) activity and can be used to distinguish
between S due to multipath and S4 due to scintillation effect since there is no code/carrier

divergence affected by scintillation.

Table 4.2. The output results of GSV4004B receiver

No Data Unit

1 Week Number (WN) N/A

2 Time of Week (TOW) Seconds

3 PRN N/A

4 Receiver status N/A

5 SV Azimuth angle degrees

6 SV Elevation angle degrees

7 C/No dB-Hz

8 Total S4 dimensionless

9 Correction to total Sy dimensionless
10 I-second phase sigma Radians

11 3-second phase sigma Radians

12 10-second phase sigma Radians

13 30-second phase sigma Radians

14 60-second phase sigma Radians

15 Average of Code/Carrier divergence Meters

16 Sigma of Code/Carrier divergence Meters
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17
18
19
20
21
22
23
24
25
26
27
28

TEC at TOW-45 TECU
ATEC from TOW-60 to TOW-45 TECU
TEC at TOW-30 TECU
ATEC from TOW-45 to TOW-30 TECU
TEC at TOW-15 TECU
ATEC from TOW-30 to TOW-15 TECU
TEC at TOW TECU
ATEC from TOW-15 to TOW TECU
L1 Lock time Seconds
Chanel status N/A
L2 Lock time seconds
L2 C/No dB-Hz

Source: GSV4000B (GISTM), User’s manual

In this research, I use data from GSV4000B receivers in two years 2009 and 2015 to study

the diurnal and seasonal variations of ionospheric scintillation. Because of the technical

problems during the process of data collection, the derived data for the whole year was not

full. In the particular case of 2009, only 308 days were observed at HANOI station, 279 days

at HUE station, and 357 days at HCM station. The corresponding number for 2015 was 341,

324 and 221 days, respectively. Specific information about the non-data days is realizable in

Figures 4.7, 4.8 and 4.10.
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Figure 4.1 shows an example of the pure (not yet filtered) S4 index received from the
receiver GSV4000B at HUE station in one week of March 2015. The elevation cut-off is 30°
aims to constrain the unexpected errors for the observations close to the horizon. In this
figure, different colours correspond to different observed satellites. The value of S; index
varies between 0 and 1, is divided into three intensity levels: weak or slight level with S4<0.3,
medium level with S4 between 0.3 and 0.6, and the rest is strong level. The result from Figure
4.1 indicates several disturbed days in the last week of March 2015. Scintillation activities can
be observed from day 24™ until the end of the month, while days 22" and 23™ are rather
quiet. Nevertheless, there is still a certain amount of noise left in the result, which is not
necessarily caused by the scintillation. These noises must be detected and removed from the

observations.

4.2. Eliminate sources of interference

Sources of error such as atmosphere layer, the scattering of water vapour and especially
multipath error may interfere with the accurate determination of amplitude of scintillation.
These influence factors often increase at low satellite elevation, for this reason, we have to
limit the satellite elevation cut-off. This value is often set at 20°, meaning that all visible
satellite with an elevation angle less than 20° will be ignored. Limiting this vision may reduce
the number of satellites observed but allow us to significantly eliminate the effects not caused
by the ionosphere. There are various sources of error that influence the determination of
amplitude scintillation in GNSS measurements and multipath error is among them. The
multipath error itself is a complex research problem and limiting the satellite threshold cannot
prevent this error at all. This error is very much dependent on the surrounding environment
where the receiver is located. When using GSV4004B receiver to study ionospheric
scintillation, an additional filter limit must be used as follows [Wilson et al.,1992; GSV4004B

User’s manual]:
Omin = 0.652.5, — 0.125 (4.4)

with S, is amplitude scintillation derived directly from the receiver; o, is separation limit
between ionospheric scintillation and multipath scintillation. The value of o, computed by
equation (4.4) will be compared with the standard deviation of the code/carrier phase (cccp).
This index is also received directly from the receiver as indicated in Table 4.2. Since in a
scintillation environment, there is very little code/carrier divergence due to scintillation. So, if
ocep < Omin then the observation is considered to be affected by scintillation errors, otherwise
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it refers to other errors and have to be eliminated. It is also needed to emphasize that, using
equation (4.4) not only eliminates errors caused by multipath signals but it is also used to
remove all small S4 observations (<0.191), most of which are not multipath errors. Examples
of using this filter limit to separate scintillation events and other noises are shown in Figures

from 4.2 to 4.5.

Figure 4.2 compares two cases when using the above algorithm with the red line is the
limitation to filter S4index. All the S4 values below the red line (blue dots) are acceptable and
believed to be scintillation events, meanwhile, the red dots (above the red line) are reckoned
to be multipath fading plus noises and will be eliminated. On March 19™ 2015 (scintillation
day), there are 256 observations (2.71%) are maintained and 9183 observations (97.29%) are
ignored. It should be noted that the ignored observations here include the observations with S4
less than 0.2. For the purpose of studying the effects of ionospheric scintillation on GNSS
measurements, a scintillation index below 0.2 is unlikely to have any effect on the result of
positioning. Therefore, this filtering algorithm is acceptable for the statistics of scintillation
occurrences. In the next sections, all S4 index is supposed to be filtered by this filtering

algorithm.
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Figure 4.2. Filtering of S, index in the scintillation environment (left) and non-scintillation

environment (right)

Figure 4.3 compares the number of ignored observations when using different satellite
elevation threshold (E). In the case E=10°: there are 367 observations (0.21%) are maintained
and 174545 observations (99.79%) are ignored; If we use E=20°, then 230 observations
(0.17%) are maintained and 133200 observations (99.83%) are ignored; When choose E=30°
only 140 observations (0.14%) are maintained and 101014 observations (99.86%) are ignored.

Thus, it is seen that the lower satellite elevation cut-off used, the bigger noises are detected.
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Figure 4.4 shows S, index of all observed satellites at HUE station on October, 2ond 2015,
a disturbed day to the ionosphere concern. It can be seen that, after filtering, the number of
scintillation events dropped down from 3.63% to 1.44%. The significant S4 index (greater
than 0.3) detected at around 0 - 2 am and 8 - 10 am local time is certainly not caused by
scintillation error, but some other noises (mainly multipath errors). Therefore, by using this
filtering method, the multipath errors can be detected and removed from the raw GNSS

observations.

Another example of using a filter to separate S4 index not caused by scintillation signal is
exhibited in Figure 4.5. The data was observed in Ho Chi Minh City in two weeks, starting
from October 04" to October 17" 2015. From the plot of unfiltered S, it can be seen that
there were a lot of noises appear sporadically during the observed time. After filtering, most
of these noises disappeared and the scintillation signals could be easy to be detected in some
particular days. Before filtering, there were 431 observations affected by noises including
scintillation noise and multipath noise (S4 index was greater than 0.3). But after the filtering
process, there were only 178 observations left. Thus, 253 (about 0.19%) observations had
been considered to be multipath error and were eliminated. The number of scintillation

events, in this case, was around 0.13% of all observations.

a1 https://www.gpsworld.com/gnss-systemsignal-processinginnovation-ionospheric-scintillations-12809/

83



https://www.gpsworld.com/gnss-systemsignal-processinginnovation-ionospheric-scintillations-12809/

Occurrence characteristics of ionospheric scintillation over Vietham region
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Figure 4.5. S, index before (above) and after (below) filtering at HCM station during 4h_17%h

October 2015

4.3. Temporal distributions

4.3.1. Diurnal distributions

Using the results obtained from the GSV4000B receivers and applying the above filter

algorithm, a statistic of the occurrence of scintillation activity in a single day for the whole

data in 2015 at three stations: HANOI, HUE and Ho Chi Minh (HCM) was calculated. Since

the Sun's activity was not significant in 2009, the diurnal distribution was somehow unclear,
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thus the results of 2009 are not displayed here, only the results of 2015 is shown to indicate

the daily variation of scintillation activity.

But first, to study the effect of choosing satellite elevation threshold on the total number of
scintillation events, the detected scintillation events at HANOI station in 2015 with different

elevations cut-off was counted. The total days observed at HANOI station in 2015 was 341.

Table 4.3. Comparison of scintillation events with different elevation threshold

No Elevation Number of Number of scintillation =~ Number of strong scintillation
cut-off observations event detected (S4>0.3) event detected (S;,>0.6)
1 0° 4249229 11539 (0.27%) 2747 (0.06%)
2 10° 3875417 10619 (0.27%) 2733 (0.07%)
3 20° 3091002 9042 (0.29%) 2566 (0.08%)
4 30° 2394135 6860 (0.29%) 2106 (0.09%)
5 40° 1735296 4631 (0.27%) 1417 (0.08%)

In Table 4.3, it can be seen that the number of scintillation events detected reduces very
quickly when the elevation cut-off increases, however, the percentage almost stays the same.
This is understandable because when we increase the satellite elevation cut-off, the number of
observations is also significantly reduced. As discussed before, to restrict the effects of
multipath and other potential errors, we limit the satellite elevation threshold to 20° in our
calculations. Figures 4.6a, 4.6b, and 4.6¢c show the diurnal distribution of scintillation activity
at three stations located from the north to the south of Vietnam in 2015. The frequency of
scintillation occurrences is represented by the number of times and its percentage during 24

hours. Intense scintillation (Ss>0.6) is distinguished by a different colour bar.
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Total days observed:341, Number of observations:3091002, Elevation cut-off (deg):20
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Figure 4.6a. Local time frequency of scintillation events appearance at HANOI in 2015
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Total days observed:221, Number of observations:2019456, Elevation cut-off (deg):20
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Figure 4.6¢. Local time frequency of scintillation events appearance at HCM in 2015

The results clearly show that ionospheric scintillation generally peaks several hours after
dusk, exists until around midnight and then gradually disappears. It rarely occurs in the

daytime. The time that scintillation activity is most active is around 10 pm local time.

Since HANOI and HUE stations are located close to the equatorial anomaly area, the
number of scintillation events at these two stations is almost ten times more than at HCM
station, that is approximately 2000 times (nearly 2%) compared to only about 200 times
(nearly 0.3%) during the active hours of scintillation activity. For the whole day, the number
of scintillation events detected at HANOI and HUE stations is also much higher than at HCM
station (stations HANOI, HUE, HCM have 9042, 11008, 1165 scintillation events
respectively). Strong ionospheric scintillation (S4>0.6) is also detected predominantly at
HANOI station with over 28% of all scintillation events. This percentage at HUE station is
approximately 15% and at HCM station is only around 8%. This is completely understandable
as HANOI station (~ 21° north latitude) is located almost over the equatorial anomaly and
HCM station (with around 9.3° north latitude) is the furthest station from the northern crest of

the equatorial anomaly.
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The above phenomenon can be explained by the physical process that generates
ionospheric scintillation in the equatorial region as follows: At the time after sunset, plasma
density and kinetic electric field in region E decreases, the peak of the equatorial anomaly
disappears as well, while at this time the kinetic electric field starts to develop in the F region.
Under the effect of the eastward electric field component, the total number of the electron
density increases abnormally before reversing to the west, layer F in the equatorial region is
raised to a higher height, where has a low plasma density and the plasma collisions are rare to
happen. The positive total electron content gradient of the bottom of the F layer rapidly
increases, causing the electron to become unstable and disturbed leading to plasma
proliferation. This state is called Rayleigh - Taylor instability and is the cause of density
anomalies in the equatorial ionosphere [Rama Rao et al., 2006]. The non-linear development
of these instabilities leads to the formation of large regions of electrolytic depletion, a
phenomenon often observed in the equatorial anomaly area and called the plasma bubble
[Amory-Mazaudier et al., 2006; Beniguel, 2011; Otsuka et al., 2002]. By various techniques,
it is observed that the size of the disturbance can range from tens of centimetres to hundreds
of kilometres. The gradients on the edges of the density attenuation give rise to small scale
disturbances, which is the cause of the amplitude scintillation on the satellite signal

transmitted in the equator area at nighttime and can be recorded on GPS receiver.

4.3.2. Seasonal distributions

To study the seasonal variations of ionospheric scintillation phenomenon, the frequency of
their occurrences at HANOI, HUE, HCM stations in two years 2009 and 2015 are presented
in Figures 4.7a-c and Figures 4.8a-c. The left panel shows the intensity of all scintillation
activity in different months and the right panel shows only the scintillation events (S4>0.3)

with the bracket indicates total observed days in the corresponding month.
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Figure 4.7a. Seasonal frequency of scintillation events appearance at HANOI in 2009
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Figure 4.7b. Seasonal frequency of scintillation events appearance at HUE in 2009
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Figure 4.7¢. Seasonal frequency of scintillation events appearance at HCM in 2009
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Ho Chi Minh, 2015 Total days observed:221, Elevation cut-off (deg):20
. 4000 ‘ T 1 1 1 T 1

‘ ‘ : ‘ I
; : : : : : ¢ |l s4>0.3 (1185 observations)
e Il 54>0.6 (95 observations)

R - Hhii

1

2000 Leennn- . - : : Lo [ :

T T R S

Number of occurrences
Number of occurrences

1000 ----

500 |----

R SN S S S S S S S -
$4 index 1 Month of the year 1(0) 2(0) 3(0) 4(0) 5(12) 6(29) 7(31) 8(29) 9(29) 10(30)11(30)12(31)
Month (number of observed days)

Figure 4.8c¢. Seasonal frequency of scintillation events appearance at HCM in 2015

The results indicate that in each year the occurrence of ionospheric scintillation shows a
very clear seasonal variation: occurs mainly in the equinoctial months (March, April and
September, October) and is very seldom appears during the summer and winter months. The
seasonal appearance of ionospheric scintillation in Vietnam is consistent with previous
scientific publications when investigating other stations in the same area [Aarons, 1982;
Cervera et al., 2006; Rama Rao et al.,2006; Abadi et al., 2014]. The seasonal occurrence of
scintillation activity is also almost similar to the seasonal variation of TEC investigated in
Chapter 3. In general, the seasonal variation of ionospheric scintillation can be described as in
Figure 4.9. In one year, the number of scintillation events gets minimum in solstitial months,
it goes up gradually from January to March, then goes down slowly from April to June, July
and later goes up again in the next three months to reach the second peak of the year in
September and October. The final phase of the year sees the decline of scintillation events

from October to December.

i Equinoctial months |

- | Solstitial months | -

Figure 4.9. The trend of seasonal variations of scintillation activity
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As discussed in Chapter 3, TEC variation is dependent on solar cycle’s phase. In this case,
the difference of scintillation events between two peaks of the year (Mar, Apr and Sep, Oct) at
HANOI and HUE stations in 2015 also shows the same rule. That is scintillation events in the
vernal equinox are higher than that in the autumnal equinox as 2015 is in the decreasing phase
of the solar cycle. The result at HCM station can not be displayed because data from January
to almost the end of May 2015 is missing. Again, the intensity of scintillation activity at
HANOI and HUE stations is much higher than in HCM station because of the different
distance to the crest of the equatorial anomaly. In 2015, the highest number of scintillation
events at HANOI and HUE stations is discovered in April, having around 3000 events and

nearly 4000 events respectively.

As 2009 is the weakest year of SC24, not so many scintillation events were detected,
strong scintillation (S4>0.6) appeared only a few times (6, 9, 41 events detected at HCM,
HUE, and HANOI stations respectively). The seasonal distribution is only straightforward at
HANOI station because of the lack of the data at HUE station (only 279 days were observed)
and the very low in intensity of ionospheric scintillation in HCM city this year. In total, there
were only 39 observations had been determined to be affected by scintillation error at HCM
station, this number at HANOI and HUE stations was 234 and 33 events respectively, but the
actual number could be much higher as the big lack of data. The significant difference in
intensity of scintillation between 2009 and 2015 also exposes the dependence of ionospheric
scintillation on solar activity. Because of the lack of data in other years of SC24 (only the data
in two years 2009 and 2015 were provided), the correlation between ionospheric scintillation
activity and the solar cycle cannot be conducted in detail. But with the results of two years
gained, we have a very clear seasonal distribution of scintillation activity and somewhat its
variation in the different active years of the Sun. The dependence of ionospheric scintillation
on solar cycle has been extensively studied by many excellent ionospheric researchers over
the last decades at different areas in the equatorial region, such as Basu et al., 1999 studied in
the America region; Rama Rao et al., 2006 studied for India region; Alfonsi et al., 2010
studied in South East Asia, ...

Figure 4.10 compares the heat map of scintillation activity at three stations in two years
2009 and 2015. White areas indicate no data collected or the data is corrupted. A particular S4
index represents for a visible satellite at a certain epoch, so at one epoch there could be

several S4 indices. The S4 index shown in Figure 4.10 is the maximum at a particular epoch

91



Occurrence characteristics of ionospheric scintillation over Vietham region

and it is described in 24 hours for all days of the year. While images for 2009 are quite insipid
as a result of a quiet year, images for the year 2015 clearly shows both diurnal and seasonal
variations of ionospheric scintillation in different parts of Vietnam. The northern part of
Vietnam (represented by HANOI station) is the most affected area by scintillation
phenomenon, then the middle part (represented by HUE station). The southern part
(represented by HCM station) is the less affected region.
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Figure 4.10. S; heat map over Vietnam region in 2009, 2015 (white area indicates no data)

4.4. Spatial distributions

In the previous sections, the temporal distribution of scintillation activity in both short-term
and long-term has been discussed. Nonetheless, when studying about ionospheric scintillation
error, we take into account not only the temporal distribution but also spatial distribution.
Especially in the application of satellite navigation, it is important to determine the spacial
allocation of the occurrence of ionospheric scintillation to estimate the effect of scintillation
error on positioning measurements. Therefore, in this section, I analyze the appearance of

ionospheric scintillation according to the satellite’s elevation and azimuth at each station.

Figure 4.11 discloses the directional distribution of scintillation events at three stations in
two years 2009 and 2015. All detected scintillation events in the whole year are shown in the
polar horizontal coordinate system by its satellite elevation and azimuth with different

colours: green is slight scintillation (S4<0.4), yellow represents for average scintillation (S4
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between 0.4 and 0.6), red stands for strong scintillation (S4 between 0.6 and 0.8) and black
indicates very intense scintillation (S4>0.8). The elevation cut-off used in this case is 10° aims

to study the impact of satellite’s elevation on the occurrence of scintillation error.

Hanoi, 2009. Total days observed: 308 Hue, 2009. Total days observed: 279 Ho Chi Minh, 2009. Total days observed: 357
0 0

90 270

Hanoi, 2016. Total days observed: 341 Hue, 2015. Total days observed: 324 Ho Chi Minh, 2016. Total days observed: 221
i] ' : ) 0
0 0

Mild scintillation (0.2<=54<0.4)
Moderate scintillation (0.4==54<0.6)
+  Strong scintillation (0.6<=54<0.8)
+ Intense scintillation (0.8<=84<=1)

Figure 4.11. Directional distribution of scintillation events (elevation cut-off is 10%)

At first glance, we can see that not so many scintillation events are detected in 2009 as this
year is the lowest active year of the Sun in SC24. Scintillation with intensity from weak to
strong appears scattered from low to high satellite elevations on the observation area of
HANOI station, with the appearance focuses in the south of the station. From the results of
this year, we can realize the dependence of occurrence of scintillation activity on the
satellite’s elevation. Most of scintillation events appear at low (less than about 40°) satellite
elevation observations. This means ionospheric scintillation effect is more sensitive with low
satellite elevation observations than the near zenithal observations. This is an important
conclusion on the spatial distribution of ionospheric scintillation concerning satellite’s

elevation of observations. This fact is likewise conformity with the case at HCM station in
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2015 when ionospheric scintillation seems to be less frequent and intense in this area than in
HUE and HANOI. Also here, scintillation occurs mainly in areas with low satellite elevations,
it rarely appears in areas with satellite views larger than 40°. Besides, strong amplitude

scintillation is also rarely observed at this station during this year.

Now I consider the direction of ionospheric scintillation. From the image of HCM station
in 2015, we can see almost strong and intense scintillations toward the north. As in the case
study, the latitude of HCM station is around 9.3° in the northern hemisphere, while the EIA in
Vietnam area (105° East Longitude) is about 19° north latitude (determination of EIA will be
introduced in Chapter 6). This means that scintillation activity tends to appear toward the
EIA. This experience is also in accordance with the situation at HANOI and HUE stations in
2015. HANOI with approximately 21° north latitude, lies above and very close to the EIA,
and of course, endures more intense scintillation events than the rest two stations with the
spatial distribution of scintillation surrounded evenly. Nonetheless, we still observe that the
intense scintillations gather a little bit more in the south than in other areas. The trending of
towards EIA of ionospheric scintillation is more clearly at HUE station since its latitude is
around 16.5°N and the majority of strong scintillation events lies in the upper half of the polar

horizontal coordinate system.

In summary, the distribution of ionospheric scintillation is concentrated to the south of
HANOI station and the north at HUE and HCM stations. It is considered to be towards the
crest of the northern equatorial anomaly. This anomaly region is located south of HANOI and
north of HUE and Ho Chi Minh city. The results at HUE and HCM stations both show that
there are significant scintillation events focus at the azimuth angles of 150° - 210° in the
satellite viewing area less than 30°. This shows the presence of a focusing area of active
ionospheric scintillation on the other side of the equator (the southern equatorial anomaly

crest).

It is also needed to add that, in 2015 scintillations with strong amplitude at HUE station
appear less than at HANOI station. Since both HANOI and HUE stations are located quite
close to EIA, the spatial distribution of scintillation concerning satellite’s elevation does not

make sense in this case.
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4.5. Chapter summary

- Section 4.1 introduces the instruments used in this study, these include three scintillation
receivers (namely GSV4004B) located through Vietnam region (one in the north part, one
in the middle part, and one in the south part). These receivers operate at a sample rate of
50 Hz and therefore can provide Ss index with appropriate frequency. The formula
calculation of S4 and the receiver’s outputs are also provided in this section. Note that the
data received is only available in 2 years: 2009 (underactive solar year) and 2015 (active

solar year).

- Section 4.2 introduces a filter formula that can detect and filter multipath error from the
raw data of GSV4004B receiver. Also in this section, some illustrative examples during

different periods are represented to show the actual effect of using this filtering algorithm.

- The temporal distributions of ionospheric scintillation in Vietnam region are revealed in

Section 4.3 with some main contents as follows:
o Daily contributions:

= The first content of this section is to explore the effect of different satellite
elevation on the number of scintillation events detected. It is concluded that
using satellite elevation threshold of 20° is the most well-suited, balancing
the elimination of observations with low satellite elevation and still

ensuring the total number of observations obtained.

= Daily frequency of scintillation events appearance at three stations
(HANOI, HUE and HCM) in 2015 have been put on view. These plots give

the results of daily variations.

» The diurnal variations of ionospheric scintillation are explained by the

physical process produces ionization scattering at the equator.
o Seasonal distributions:

= Seasonal frequency of scintillation events appearance at three stations in
2009 and 2015 have been displayed to indicate the quarterly variations of

scintillation activity (Figure 4.9).
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» The S4 heat maps over Vietnam region are also presented, which
perspicuously exhibit the diurnal and seasonal variations of ionospheric

scintillation in different parts of Vietnam.

The last Section (4.4) studies on the spatial distributions of scintillation activity by
providing a plot of its directional allocation over the Vietnam region. This figure shows
where ionospheric scintillation is predominantly concentrated and at which satellite
elevation, the GNSS observations are vulnerable to scintillation error. The results also
indicate the level of scintillation activity in different parts of Vietnam regarding its

reciprocal positions to the EIA.
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5. Ionospheric irregularity observations using ROT and ROTTI indices

5.1. Using ROT and ROTI indices to study the disturbances in the ionosphere

As stated in the previous chapters, for the measurement of ionospheric scintillation, two
widely used parameters are the amplitude scintillation (S4 index) and phase scintillation (o,
index). The derivation of these two parameters requires GNSS scintillation observation data
sampled at very high frequency (usually S0Hz or higher). Nonetheless, most GNSS receivers
do not provide scintillation data because of their low data rates. The International GNSS
Service (IGS) is an example, they only provide the 30-second rate observations for normal
users and especially 1-second rate observations for real-time positioning. Even in the case of
Real-Time Kinematic (RTK) positioning, low rate GNSS receiver is enough for this kind of
application. Numerous local and regional GNSS stations or networks have been installed in
many campaigns for various applications, but they usually use receivers to collect data at a
rate of at least 1 second. If GNSS data of low sampling rate can be utilized to study
ionospheric scintillations, it will significantly augment the current scintillation observation
facilities [Aquino et al., 2005; Beniguel et al., 2009; Sreeja et al., 2011; Morton et al., 2014].
Undoubtedly, the huge amount of low-rate GNSS data will provide invaluable information for

researchers to observe ionospheric scintillation [Zhe Yang et al., 2015].

In my research, ionospheric disturbances are measured by ROTI index. As for the
definition from [Aarons, 1971], ionospheric scintillation is the rapid fluctuation in the
amplitude and phase of satellite signals due to the rapid and uneven variations of the electron
density within the ionosphere when it passes through the ionosphere. [Pi et al., 1997]
proposed an index called Rate Of Total electron content Index (ROTI) which is defined as the
standard deviation of the Rate Of Tec (ROT) over a 5-minute period to statistically present
ionospheric irregularities using a network-based GPS monitoring system. This method
provides the availability of using data from normal GNSS receivers with global coverage (for
instance IGS stations) to study ionospheric scintillation. Its main advantage over scintillation
indices is that it is calculated based on measurements from the standard dual-frequency GNSS
receivers sampling at 1 Hz, which have been and still are far more common than scintillation
receivers. Detailed formulae for the ROT and ROTI calculations have been introduced in
Section 2.2.4. In this chapter, I use these indices to investigate the ionospheric irregularities

and consider the ROTI value greater than 0.5 TECU/min is the sign of the disturbances in the
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ionosphere [Ma and Maruyama, 2006]. The data sampling rate is 30 seconds (as the IGS data

standard) and the calculation time interval chosen is 5 minutes to get a reasonably fine time

resolution as discussed in Section 2.2.4.
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Figure 5.1. ROT (top-left), ROTI (top-right) and S4 (below) indices at HANOI station on
October 24" 2015

Figure 5.1 shows an example of ionospheric irregularities detected by ROT, ROTI, and S4

indices on October 24" 2015. In this figure, different colours correspond to different satellites

and the legend “E=20" at the upper right corner indicates the satellite elevation cut-off used is

20°. A good similarity between S, index and ROT and ROTI indices can be found in this

figure. As usual, ionospheric irregularities mostly appear during the period between 20h and

24h local time, this is following the results of previous chapters. On this day, the number of

ionospheric irregularities (ROTI>0.5) detected is 199 correspondings to 1.76% of the total

observations. Meanwhile, the number of scintillation events (Ss>0.3) is 63 correspondings to
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0.64% of the total observations. Note that the total number of observations is different in each
case since in the calculation of ROTI, standard observations with the interval of 30 seconds
are used, meanwhile, to determine S, index, we need to use high rate data (50Hz) with the
interval of 0.02 second. Nonetheless, the results obtained from Figure 5.1 still show some
equivalences between S; and ROTI both in appearance time and intensity of ionospheric

irregularities.

As is well known, measurements with low satellite elevation are often sensitive
measurements that are susceptible to various sources of error, especially multi-path errors. It
is no exception in the case of ionospheric scintillation detection. Therefore, to study the effect
of satellite elevation used on the determination of ionospheric irregularities from GNSS
measurements, [ compare the number of ionospheric irregularities detected using different
satellite elevation cut-off including 0°, 10°, 20°, 30°, and 40°. In all these examinations, the
time span of ROTI calculation is fixed for 5 minutes. The results are shown in Figures 5.1,

5.2a and listed in Table 5.1
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Figure 5.2a. Comparison of scintillation events with different elevation threshold
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Table 5.1a. Comparison of scintillation events with different elevation threshold

(time span calculation is 5 minutes)

No Elevation Number of scintillations Percentage of scintillations
cut-off (ROTI=0.5) detected (ROTI=0.5) detected
1 0° 584 4.14 %
2 10° 368 271 %
3 20° 199 1.76 %
4 30° 197 2.25%
5 40° 165 2.59 %

From Figure 5.2a, it can be seen that when using low satellite elevation (especially in the
case E= 0°), a lot of disturbances are detected scattered at different times of the day. Their
causes are thought to originate from other sources than ionospheric scintillation errors. The
case of E=20° and E=30° give almost the same numbers of ionospheric irregularities detected
(199 and 197, respectively). However, if we choose E=30°, the number of total observations
received will be significantly reduced (this can be realized by the percentage calculated in the
last column of Table 5.1). Therefore, the proposed equilibrium option is to choose E=20°,
which is also consistent with the conventional regulation when processing data in other GNSS

applications.

Based on this result, I use the satellite elevation cut-off of 20° to investigate the effect of
choosing different time span of ROTI calculation on the number of ionospheric irregularities
detected. The time intervals selected for the inspection are 1, 5, 10, 15, and 20 minutes

respectively. Results can be found in Figures 5.1, 5.2b and Table 5.1b.

Table 5.1b. Comparison of scintillation events with the different time span of ROTI

calculation (elevation cut-off is 20°)

No Time span calculation Number of scintillations Percentage of scintillations
(min) (ROTI=0.5) detected (ROTI=0.5) detected
1 1 229 2.03%
2 5 199 1.76 %
3 10 232 2.06 %
4 15 267 237 %
5 20 281 2.49 %

It can be seen that when choosing a time span of 5 minutes, the number of ionospheric
irregularities detected is minimum (199), and when the time span is larger, this number also
increases accordingly. With the case of selecting a time span equal to 1 minute, we can see

from Figure 5.2b that there are quite a lot of ROTI values with large amplitude (approx. 0.5
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TECU/min) appearing during the whole calculation period. This is because in each ROTI
calculation, only two measurements are used as GNSS observations interval is 0.5 minute.
Such measurements are not sufficient to ensure the detection of short-term fluctuations (if
they exist) in the VTEC calculation results, therefore, the results obtained do not reflect the
small-scale disturbances in the ionosphere. As discussed in Section 2.2.4, the time span of
ROTI calculation should be chosen to ensure giving a reasonably temporal resolution and still
having a good number of observations for each interval calculation. Also, note that in most
articles use ROTI index, the authors often use a time span of 5 minutes as refers to [Pi et al.,
1997]. From all these factors, in our subsequent calculations related to ROTI index, the
selected time span calculation is fixed at 5 minutes. It comes with a commonly used satellite

elevation threshold of 20° (except in some special cases).
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Figure 5.2b. Comparison of scintillation events with different time span of ROTI calculation

(top-left: 1 min, top-right: 10 mins, bottom-left: 15 mins, bottom-right: 20 mins)

More examples of the similarity between ROTI and S4 and their suitability for the study of
irregularities in the ionosphere will be further discussed in Section 6.2.3 when studying the
ionospheric disturbances that occur during strong magnetic storms.
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Figure 5.3b. Ionospheric disturbances occur during the second half of October 2015 at CUSV

Figures 5.3a-b show examples of the detection of ionospheric irregularities using ROTI
index during the period of the last two weeks of October 2015 at two stations HUE and
CUSV. The number of ionospheric irregularities detected at two stations is 7394 and 8364
respectively. As usual, they are usually observed in the evening and rarely occur during the
daytime. Note that the percentage shown in these figures is the per cent rate of disturbed
observations (with corresponding ROTI>=0.5) to all observed observations. It usually reaches
a maximum of no more than 5% but it could much affect the quality of GNSS measurements.
Basically, in GNSS positioning and most of the other GNSS applications, we expect this
percentage to be zero and in case they persist, a reasonable method should be proposed to
eliminate them before processing.
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Similar results to Figures 5.3a-b are also obtained at other stations in the Southeast Asia
area during this period. This proves that the ionosphere in this area was strongly disturbed
during the second half of October 2015. Table 5.2 provides the number of ionospheric
irregularities detected during this time. The indices used are the S4 and ROT]I, thresholds to
assess the ionosphere turbulences are 0.3 and 0.5 (TECU/min) respectively. To facilitate the
evaluation of the irregularities in the ionosphere, this table also provides the number of
ionospheric scintillations detected from ROTI maps which are established from some IGS
stations (indicated in the last column) in the Southeast Asia region (the issue of establishing
ROTI maps will be addressed later). Similar table of results (Table 6.4) for the period of the
second half of March 2015 will be presented in Section 6.2.3. This section also takes into

account the correlation between the two indices.

Table 5.2. Statistics of S4, ROTI indices and the ionospheric disturbances derived from the
regional ROTI maps during the last two weeks of October 2015

HANOI station HUE station

- - - - Regional ROTI maps

Days of S4 index ROTT index S4 index ROTTI index

October Num % Num % Num % Num % Num % S talt\ilcl)lrljsl ﬁze d
18 0 0.0 0 0.0 0 0.0 10 0.1 54 0.0 8
19 172 1.8 224 2.2 154 1.6 1039 7.5 5552 4.3 8
20 143 1.5 44 0.4 108 1.1 980 6.1 4629 3.6 8
21 0 0.0 0 0.0 11 0.1 44 0.3 1211 0.9 8
22 59 0.6 16 0.2 141 1.4 666 4.5 2729 2.3 8
23 1 0.0 0 0.0 7 0.1 140 0.8 337 0.3 8
24 63 0.6 201 1.8 154 1.6 533 3.5 4196 3.5 7
25 0 0.0 no data 0 0.0 18 0.1 209 0.2 7
26 52 0.5 101 1.0 44 0.5 572 3.5 4838 3.6 8
27 2 0.0 1 0.0 44 0.4 163 0.9 968 0.7 8
28 98 1.0 11 0.1 229 2.3 1243 7.9 4221 3.2 8
29 35 0.4 15 0.2 45 0.5 251 1.5 1313 1.0 8
30 23 0.2 18 0.1 28 0.5 216 2.3 1406 1.2 8
31 0 0.0 0 0.0 217 2.2 1501 10.0 5434 4.5 8

From Table 5.2 and Table 6.4, we find that the number of ionospheric disturbances
detected in the second half of March and the second half of October was 18349 and 37178,
respectively, with the corresponding percentages are 12.5% and 29.2%. Comparing these
numbers between two periods, it can be seen that although the storm Saint Patrick occurred in
March 2015 is considered to be the strongest geomagnetic storm during SC24, but the
turbulence level of the ionosphere during this period is not equal to that in October the same
year. In particular, while in the second half of March, only in a few days (16", 19", and from
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24™ to 28™) the ionospheric disturbances were detected, this disorders occurred on most days

during the last two weeks of October, even with greater intensity.
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Figure 5.4. Ionospheric irregularities including ROTI index and VTEC gradient

Figure 5.4 illustrates some typical examples of ionospheric irregularities at some stations
over several days during the last two weeks of October 2015. In these plots, I also include
VTEC gradient along with ROTI index. While the ROTI index has a TECU/min unit, that is
only capable of expressing fluctuations of ionospheric disturbances over time, VTEC gradient
with the corresponding unit of TECU/km can express the level of irregularities in the
ionosphere both in temporal and spatial status. Therefore, in Figure 5.4, they have the
similarity in occurrence time of ionospheric scintillation (i.e. between 20 and 24 LT), but the
intensity cannot be compared with each other because of the difference in the essence of the
two indices: ROTI shows the fluctuations of TEC per minute, while VTEC gradient indicates

TEC fluctuations per kilometre.
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5.2. Regional ionospheric irregularities maps

Table 5.2 mentioned the ROTI maps, which are often used to assess the level of disturbances
in the ionosphere both in temporal and spatial distributions. Figure 5.5 shows ROTI maps
over the Southeast Asia region in four days (19th, 20" 26", and 31%) with the strongest
disturbances in October 2015. The research area is in range of 15°S - 25°N latitude and 95°E -
115°E longitude, thus, this area covers the whole EIA region. As can be seen in these maps,
the geographic latitude areas from 0° to 5° do not have many observations due to the lack of
stations in these areas. The purpose of creating this type of map is to find out the features of
ionospheric irregularities including its locations, characteristics and occurrence time. It can
also show the exact number of observations (and the percentage to the total number of

observations) affected by ionospheric scintillation error.
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Figure 5.5. Regional ROTI maps and the occurrence rates of ionospheric scintillation

In the above figures, plots on the left side are the regional ROTI maps, plots on the right
side show the percentages of the occurrence of ionospheric irregularities in both terms of
latitude and time. ME stands for magnetic equator. The dots in ROTI maps are the satellite
footprints tracking which are the intersections between the Line Of Sight (LOS) from
satellites to receivers and the Singer Layer Model (SLM) of the ionosphere at the attitude of
450 km. The red dots indicate observations with ROTI index of not less than 0.5 TECU/min,
which is the sign of ionospheric disturbances, and the blue ones show the quiet status of the
ionosphere (ROTI<0.5 TECU/min). Data for these maps are the GNSS measurements from all
available IGS stations in the research area (usually 8 stations). The location map and details of
the stations can be found in Section 3.1. The total number of ionospheric irregularities
detected and its percentage to all observed measurements are also given in the top of the

ROTI maps and are listed in columns 10 and 11 of Table 5.2. Meanwhile, the plots of
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ionospheric scintillation’s occurrence on the right side show the appearance percentages in
latitude (resolution of 1°) and in time (resolution of 1 hour), they are the percentages to all

detected ionospheric irregularities, but not to all observed measurements.

As noted above, these maps provide both spatial and temporal distributions of ionospheric
scintillation, however, its main drawback is that it is not yet possible to give the perturbation
intensity of the ionosphere at different locations. From Table 5.2 and Figure 5.5, some
noteworthy remarks about ionospheric irregularities in the Southeast Asia region can be

drawn as follows:

e During the second half of October 2015, ionospheric disturbances appeared quite a lot in
most of the days including days 19th, 20th, 24th, 26th, 28th, and 31* with all reached over
3% of the total observations. In the remaining days (except on the 22™ with ionospheric
disturbances being moderate of 2.3%), the ionosphere remained in a relatively quiet state
with the percentages of ionospheric irregularities being approximately or less than 1%.
According to my research results, October has also recorded as the period that ionospheric
irregularities with strong intensity occurred the most in 2015, even more than that in

March when the super geomagnetic storm Saint Patrick happened.

e For spatial distribution: they usually appear concentrated in the areas near and around the
two anomaly crests of EIA. Paying close attention, ionospheric irregularities often occur
continuously in a certain period with a specific satellite, meaning that at the same location
not all observations to all satellites are affected by the ionospheric scintillation error.
Besides, ionospheric irregularities are found to occur more in the northern hemisphere
than in the southern hemisphere. The main reason is due to the natural physical
characteristics of the ionosphere during this period, however, this is maybe partly due to
the lower number of stations used in the southern hemisphere than in the northern

hemisphere.

e For temporal distribution: they occur mostly at night, between 20 and 24 local hours, of
which, during the period of 21-22 LT alone accounted for about half of the total amount of
ionospheric scintillation detected. In the remaining time of the day, ionospheric

irregularities befall very little.
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5.3. Global ionospheric irregularities maps

In the previous section, I use available data at all IGS stations located in Southeast Asia to
study ionospheric irregularities in this region. Based on this idea, the intention to study
ionospheric irregularities on a global scale using all existing IGS stations is formed.
Currently, there are about 500 IGS stations located worldwide as can be seen in Figure 5.6.
Normally, for the computation of ROT, ROTI indices with data from all of these stations in
one day, calculation time can last for a couple of days. So, I tried to prepare this kind of map
for a certain number of days. The chosen dates are those days when the ionosphere is thought
to be strongly disturbed, for example, March 26“’, and October 19" in 2015, or June 30“’,
September 8", and December 31% in 2017 and some other days in 2013, 2014.

Figure 5.6. Worldwide distribution of IGS stations ")

The obtained results show that on quiet days, the established maps are rather tedious and
the distribution rule of ionospheric irregularities is not as clear as expected. Among the results
obtained, I select the most typical example of the distribution of ionospheric irregularities on
a global scale to show here. That is the global ROTI map established on March 26" 2015. The
total number of IGS stations used is 483. Figure 5.7 shows the satellite footprint tracking of

all these stations with the satellite elevation cut-off is 20°.

> http://www.igs.org/network/netindex.html
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Figure 5.7. The footprint tracking of satellites at all 483 IGS stations on March 26" 2015

As can be foreseen, the density of IGS stations is not uniform globally. In addition to the
ocean regions without any GNSS stations, in some land areas, the number of IGS stations is
also very sparse, typically in most of North Africa area and part of South Africa area. Besides,
in the territory of the Russian Federation and China, the density of GNSS stations does not
cover the vast areas of these two countries. And as can be predicted, the density of IGS
stations is most dense in the areas of western Europe, North America, South America and

somewhat in the Pacific Islands, Australia and East Asia.

ROTI geographic map on 26.03.2015, number of stations:483, number of scint events:163879 (2.0%)
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Figure 5.8a. Spatial distribution of global ionospheric irregularities (refers to as of Fig. 1.2)

(only ROTI>0.5 TECU/min are displayed)
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The global ROTI map on March 26™ 2015 is illustrated in Figure 5.8a. In this figure, to
highlight the ionospheric disturbances, only ROTI not less than 0.5 TECU/min is flaunted.
The total number of ionospheric irregularities detected is 163879 corresponds to
approximately 2.0 % the total number of observations obtained on this day. The regions most
likely to be affected by the ionospheric disturbances are South America, Southeast Asia, and
the Arctic. This is following the published research results on the global spatial distribution of
ionospheric scintillation [Basu et al., 1988, 2002; Kintner et al., 2009]. A comparison of the
distribution of scintillation occurrence in different regions of the world can be found in [Tsai
et al., 2016]. In this section, for the comparison of occurrence density of ionospheric
irregularities at different latitudes of the Earth, the Earth is divided into five different
latitudinal bands from the north to the south as follows: the northern high latitudes
(latitudes>60°N), northern mid-latitudes (latitudes between 30°N and 60°N), low latitudes or
equatorial regions (latitudes between 30°S and 30°N), southern mid-latitudes (latitudes
between 30°S and 60°S), and southern high latitudes (latitudes<60°S). The result of
occurrence density is given on the right side of the Figure 5.8a. This result indicates that
ionospheric irregularities mainly occur in the low latitude areas when it accounts for nearly
half (45.7 %) of the total 1onospheric irregularities detected, followed by the two-pole areas
with the superiority of the northern pole compared to the southern pole (32.4 % and 18.3 %,
respectively). As expected, the high latitude areas are the least likely to experience
ionospheric disturbances. Only about 3.5 % of the total number of ionospheric irregularities is
detected in these areas, in which the northern high latitudes (with 2.5 %) accounting for the

majority.

Geographic Latitude (0)

Local Time (H)

Figure 5.8b. Temporal distribution of global ionospheric irregularities
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While Figure 5.8a describes the global spatial distribution of ionospheric irregularities,
Figure 5.8b indicates its global temporal distribution. Similar to spatial distribution, the
temporal distribution of ionospheric irregularities has a clear differentiation by latitude
regions. In the low-latitude regions, about 97.0 % of ionospheric irregularities detected
appears during the nighttime from 19 LT to 2 LT the next day. The remaining 3.0 % only
occurs scattered at different times of the day. This rule is in accordance with the research
results pointed out in Chapter 4. Thus, the occurrence rule of ionospheric scintillation at low-
latitude areas is very transparent, that it only appears in the evening (this can be easily
noticeable in Figure 5.8d for the low-latitude areas). This is in contrast to the high-latitude
areas, where ionospheric scintillation can occur at any time of the day as can be seen in Figure
5.8b or Figure 5.8d. For the mid-latitude regions, due to the very limited number of

ionospheric irregularities detected, the rule of temporal distribution cannot be formed.

By showing Figures 5.8c-d, I continue to analyse the distribution of ROTI by location
including latitude (c) and longitude (d). The occurrences rate (%) given is the percentage
corresponding to the total ionospheric irregularities detected on March 26™, not the

percentage of the total number of observations.

25
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Figure 5.8c¢. Distribution of ROTI by latitude (only ROTI>0.5 TECU/min are counted)
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It can be seen that ionospheric irregularities are mainly concentrated in the equatorial and
high-latitude regions, but rarely occur in the mid-latitudes areas. While in the low-latitude
areas, ionospheric irregularities tend to appear symmetrically over the equator, in the high-

latitude regions, the northern hemisphere noted a higher number of ionospheric irregularities

compared to the southern hemisphere.
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Figure 5.8d. Distribution of ROTI by longitude (above) and by time (below) at three different
zones of the Earth (only ROTI>0.5 TECU/min are counted). While the mid-latitude areas
show almost nothing as can be predicted, the high-latitudes are the regions where ionospheric
irregularities can occur randomly at any longitude and at any time of the day. The appearance
rule is most straightforward in the low-latitude regions with the appearing time only at night

and most concentrated in the area of 60°W longitude (the South America region).
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5.4. Chapter summary

In this chapter, I primarily use the ROTI index to study the ionospheric irregularities in the

Southeast Asia region and globally. The main contents can be summarized as follows:

- Section 5.1 first reintroduces the advantages of using ROTI index to study ionospheric
scintillation which emphasizes the advantages of the huge amount of GNSS data currently
available globally. Short examinations on the use of different elevation threshold and
different time span of ROTI calculation have been conducted and concluded: using
satellite elevation cut-off at 20° and choosing ROTI time span calculation of 5 minutes are
the most reasonable. Calculation results of ROTI and VTEC gradient in the second half of
October 2015 indicate several days during this period, the ionosphere was strongly

disturbed based on the abnormally high number of the ionospheric irregularities.

- Section 5.2 provides ionospheric irregularities maps over the Southeast Asia region during
the last two weeks of October 2015, thereby showing the temporal and spatial

characteristics of the occurrence of disturbances in the ionosphere.

- In Section 5.3, for the first time, both spatial and temporal distributions of ionospheric
irregularities have been exposed on a global scale (Figures 5.8a-d), in which, the
percentage of occurrences (both location and time) is calculated to give out specific
numbers for different regions of the world. Research results of this chapter are consistent
with the conclusions announced in the previous chapters as well as previously published
papers on the characteristic distributions of ionospheric scintillation. One of the most
significant results is that Southeast Asia (along with South America) is one of the two

areas most affected by scintillation phenomenon of the ionosphere.
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6. Comparisons of EIA observations based on IONEX files

6.1. Temporal - latitudinal VITEC maps and methodology to study the

characteristics of peak EIA crest
6.1.1. Global VTEC map derived from IONEX files

The IONEX (IONosphere map EXchange) file is one of the products of the International GPS
Service for Geodynamics (IGS). This file format is based on a first format proposal by
[Schaer, 1996], which strongly follows the RINEX files. The main purpose of the IONEX
files is to supports the exchange of two- and three-dimensional VTEC maps given in a
geographic grid. Ionospheric VTEC maps (referred to GIM) in agreement with the IONEX
format contain VTEC values at points arranged in a globally distributed grid of size 71x73
over latitudexlongitude respectively. In latitude, grid points range from +87.5° to -87.5° with
a spatial resolution of 2.5°. In longitude, grid points are arranged from -180° to +180° with a
resolution of 5°. Conventionally, every two hours starting from 00:00 UT, a new VTEC map
is prepared. In total, 13 VTEC maps are established every day with the last one is exactly at
the same epoch with the first one of the next day. In short, VTEC maps are produced with a
resolution of 2 hours, 2.5° and 5° in universal time, latitude and longitude respectively.
Currently, the IONEX files can provide the VTEC maps with a higher time resolution, for
instance at every 1 hour or even every quarter an hour. In most cases, attachment with the
VTEC maps is the TEC RMS maps which indicate the accuracy of the corresponding VTEC
maps. Presently, there are four ionosphere associate analysis centres including CODE (Center
for Orbit Determination in Europe, Astronomical Institute, University of Berne, Switzerland),
ESOC (European Space Operations Centre of ESA, Darmstadt, Germany), JPL (Jet
Propulsion Laboratory, Pasadena, California, U.S.A), and UPC (Polytechnic University of
Catalonia, Barcelona, Spain) are responsible for providing the final and rapid ionosphere
products according to IONEX format. They include VTEC maps, RMS maps and daily-
constant P1, P2, DCB values of satellites and all available IGS stations. The results of each
analysis centre are then combined into the official IGS ionosphere product. The abbreviations

used for the VTEC maps and latency of availability are given in Table 6.1.

With the IGS final VTEC map has the highest quality and internal consistency of all IGS
products. It is made available every week, by each Friday, with a delay up to 13 days for the
last day of the week and up to 20 days for the first day of the week. The accuracy of the final
ionospheric TEC grid is about 2 - 8 TECU. Meanwhile, the IGS rapid VTEC map has a

114



Comparisons of EIA observations based on IONEX files

quality nearly comparable to that of the final VTEC map. It is made available daily with a
delay of about 17 hours after the end of the previous observation day (the IGS rapid VTEC
map is released daily at about 17:00 UTC). The accuracy of the rapid ionospheric TEC grid is
about 2 - 9 TECU. Like other IGS products, the VTEC maps (or GIM) can be downloaded at
the IGS official website . Besides, real-time ionospheric maps (updated every 5 minutes)
are also available at the website of NASA ©?. These maps are used to monitor ionospheric
weather, and to nowcast ionospheric storms that often occur responding to activities in solar

wind and Earth's magnetosphere as well as the thermosphere.

Table 6.1. Abbreviations of used ionospheric products from IGS [Wienia, 2008]

Analysis Final VTEC Latency Rapid VTEC Latency Time resolution
Center map (days) map (hrs) (hrs)
CODE CODG 5 CORG <12 1
ESOC ESAG 5 ESRG <12 2

JPL JPLG 4 JPRG <12 2
UPC UPCG 5 UPRG <12 2
Combined IGSG 11 IGRG <24 2

6.1.2. Methodology to study the occurrence characteristics of peak EIA crests

Figure 6.1 shows an illustrative example of GIM (determined from CODE) extracted from the
IONEX file on January 31% 2020. From these maps, it is seen that the EIA region (the red
areas with large VTEC values) moves continuously from east to west. This movement is to
ensure that the regions with the maximum VTEC (the crests of EIA) always occurs after the
local noontime as conclusions about the VTEC's daily variations given in Chapter 3. The red
regions have an extraordinary VTEC value and it runs along the equator, leading to its name
being an equatorial anomaly. But if we look closely (as disclosed in Figure 6.2) at the
anomaly regions, it can be seen that they are not one block but consists of two anomaly peaks
with one located in the north and one located in the south, namely the northern crest and
southern crest. As such, the morphology, movement footstep and appearance time of EIA are
somewhat dimly revealed from GIM. Nonetheless, with the time resolution of only one or two
hours, using GIM cannot be determined accurately the position, occurrence time and
amplitude of the crests of EIA. For this task, I use the so-called temporal - latitudinal VTEC
map instead. This kind of map can be prepared directly from GNSS measurements or IONEX
files.

81 https://kb.igs.org/hc/en-us/articles/115003935351
%2 https://iono.jpl.nasa.gov/latest rti global.html
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Figure 6.1. An example of GIM on January 31* 2020 shows the movement of peak EIA

crests (The color bar can be seen in Figure 6.2 with the unit of TECU)

The temporal - latitudinal VTEC map is already displayed in Section 3.3. This is a two-

dimensional map that is established at a certain longitude, its two dimensions are time and

latitude. The amplitude of TEC can be estimated by comparing its tint with the bar colour

scale attached. Thus, instead of using a geospatial map with two dimensions of longitude and

latitude, this type of map is only created at a specific longitude. The purpose of this is to be

able to determine the third component (i.e. time) to answer the question when the EIA's crests

appear. This map can provide sufficient information about TEC such as occurrence time,

position, amplitude and therefore, it can be used to determine EIA's crests as described in

Figure 6.3.
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Figure 6.2. The separation between the northern and southern crests of EIA (TECU unit)
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Figure 6.3. Determine EIA’s crests from temporal - latitudinal VTEC map (TECU unit)

6.1.3. Establish temporal - latitudinal VTEC map from GNSS observations

In principle, the temporal - latitudinal VTEC map can be created from the GNSS observations
(RINEX files) or GIM (derived from IONEX files) or the combination of them. The issue of
using IONEX files to create VTEC map will be mentioned later, in this section I consider the
case of establishing VTEC map from RINEX files. Figure 3.4a (Chapter 3) describes the
satellite traces at IPP’s height of some GNSS stations by its latitude and longitude. From this, we can
prepare the VTEC map at each different epochs. However, the reliability of this map is very poor due
to the limit of the number of stations (only a few) as well as the number of observed satellites
(maximum 12). Also, it should be noted that Figure 3.4a depicts the satellite traces throughout
the day. In our case, VTEC maps are created at each specific epoch, so the actual number of
satellite traces available is very few, resulting in an established map will not guarantee the
required accuracy. More importantly, if we use this type of map (which only uses spatial

data), the time data (inherent in the calculation of TEC) cannot be taken advantage.

Latitude [Degree]

0 .2 4 6 § 10 12 14 16 18 20 22 24
UTC [hour]

Figure 6.4. The footstep of satellite traces expressed in two variables: time and latitude

117



Comparisons of EIA observations based on IONEX files

Figure 6.4 shows the footprint of the satellite traces by its time and latitude (different
colours correspond to different satellite elevations as indicated in the caption of Figure 3.4a).
Set side by side with Figure 3.4a, the superiority of satellite traces distribution can be seen. In
this case, the satellite trace measurements are distributed more evenly and denser. Therefore,
a map created by time and latitude certainly gives better resolution than a map created by
longitude and latitude. Besides, this map can provide time parameters, which are the basis for
determining the appearance time of EIA's crests. Thus, from the results of VTEC calculation,
data of time, latitude, and VTEC are selected to establish the temporal - latitudinal VTEC
map. All of these values are filtered at a certain longitude, for instance, 105°E for the

Southeast Asia region.

In order to create a map from the discrete measurements as shown in Figure 6.4, the first
step is to convert them into the format of grid data. In my study, the method of “mean square
(window) sideslip” is used. The essence of this method is to use a moving square (size mxn,
m is time and n is latitude) sliding from the left to the right (Oh — 24h) and from below to
above (Latl — Lat2) with the steps (x) and (y). In each time of moving, the value of time,
latitude, and VTEC are average calculated from all the data inside the window. Each of these
average values represents one mesh (of the grid data). After the square has slid all the data
area, grid data with three elements: time, latitude, and VTEC is obtained. In essence, they are
the average of all values inside the running square. The nature of this method is described in
Figure 6.5. During the actual calculation, I investigate the reliability of this method with
different sizes of the square and different steps of the sideslip, from which drawing a
conclusion the size of the square is best at 2 (hrs) x 2°, the (x) step of 0.5 hours and (y) step of
0.5° are the best.

Lat2
i| i1 il i
I _I Step x = 0.5 (hr) > |
a+ 7 3
o ‘E’n A Mean time ?n
] = 4 =1
,E s Zhx2® > Mean latitude .
® oy _ o
flar] b * Mean VTEC b
Step x = 0.5 (hr)
46 47 : 89 90
— Step x = 0.5 (hr -
i = £ w > a4 45
Latl
0h Time 24 h

Figure 6.5. The method of mean square sideslip for creating the gid data file
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6.1.4. Establish temporal - latitudinal VTEC map from GIM

The above steps are required when using RINEX files to establish the temporal - latitudinal
VTEC map where values of time, latitude and VTEC are derived from the VTEC calculation
results. In case we use IONEX files, all of these values are available. Nonetheless, the essence
of the IONEX files is that TEC is arranged in different time intervals corresponding to
different latitudes and longitudes. Thus, to create such gid data files, the IONEX files need to

be rearranged with a subroutine program.

It is also needed to mention techniques for mapping interpolation. According to my study,
from the grid data file, the methods that can be used for the mapping interpolation are kriging,
radial basis function, and local polynomial, in which the first method gives the best
interpolation results. Therefore, all maps created in this study use kriging interpolation. The

maps are put on view by the rainbow image together with the contour (Figure 6.3).

Thus far, two methods of producing temporal - latitudinal VTEC map have been proposed.
Among them, the first method using RINEX files takes more time to calculate and the scope
of the established map is also limited following the limited number of GNSS stations.
However, this method has the main advantage of having a higher TEC resolution since TEC
are calculated at the same interval with the sampling rate of GNSS measurements (i.e. 30
seconds). For the second method, TEC resolution is customarily only one or two hours, which
1s indeed the biggest drawback of this method. Nevertheless, this solution does not take much
time to calculate (no need to use the “mean square sideslip” method to create grid data file),
and most importantly with the global VTEC data contained in the IONEX files, this method
can be used to study the ionosphere in any part of the world without using GNSS receivers.
The temporal - latitudinal VTEC map introduced in Figure 3.12 (Chapter 3) is prepared by
using the first method. In this chapter, with the purpose of creating a large VTEC map, I

mainly use the second method.

The method of using temporal - latitudinal VTEC map to study EIA is somewhat similar to
the research of ionospheric scintillation indicated in Chapter 2. That is, if the study is
conducted in a moderate area, it is best to use the network of available receivers that meet the
requirements. If the scope of the research is immense or global, it is advisable to take
advantage of published data (IGS products for instance). Both proposed methods have their
own advantages and disadvantages. The best way to ensure a high accuracy of VTEC map is
to combine them, it is taking advantage of the IONEX data and adding VTEC calculated from

GNSS measurements available in the research area to increase VTEC resolution.
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6.2. A case study on the biggest geomagnetic storm of solar cycle 24

In this section, I use the temporal - latitudinal VTEC map to investigate how the ionosphere
reacts on the occasion of a very intense geomagnetic storm. Table 6.2 presents the top 20

strongest geomagnetic storms during SC24 based on their geomagnetic disturbance planetary

index (ap).
Table 6.2. Top 20 biggest geomagnetic storms of SC24

No. Date ap index (nT) No. Date ap idex (nT)
1 17.03.2015 108 11 11.09.2015 60
2 08.09.2017 106 12 09.09.2015 59
3 09.03.2012 87 13 02.10.2013 58
4 15.07.2012 78 14 01.06.2013 58
5 07.10.2005 74 15 22.06.2015 57
6 17.03.2013 72 16 25.10.2016 57
7 23.06.2015 72 17 05.04.2010 55
8 20.12.2013 70 18 27.08.2015 52
9 08.05.2016 70 19 28.09.2017 51
10 26.08.2018 67 20 29.06.2013 50

With the ap index of 108 (nT), the storm emerged in the middle of March 2015 is the
biggest geomagnetic storm during SC24, its SYM/H index down to -223 nT. This storm
reached the G4 level (severe) on the NOAA geomagnetic storm scale. The main phase of the
storm happened on 17" March leading to its name the Saint Patrick’s Day storm. According
to the scientists of the Space Weather Prediction Center (SWPC), the storm can lead to the
disruption of high-frequency radio transmission for hours in several large areas. During the
storm, ionospheric electric field disturbances observed in the medium and low latitude regions
have different timescales. They strongly influence the distribution of ionospheric plasma,
originate from the direct penetration of the magnetospheric electric field into the ionosphere
and the effects of ionospheric disturbance dynamo last longer [Gonzales et al., 1979; Spiro et
al., 1988; Kelley et al., 2003; Richmond et al., 2003;...]. In the next sections, I investigate
how the magnetic field of the Earth, the plasma, and the solar indices have changed before,
during and after the storm. Ionospheric disturbances and the behaviour of the ionosphere will

also be considered.
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6.2.1. Magnetic field parameters, plasma activities and solar indices

QMNIZ OMNIZ

.
&

[
&

TITTTTTTTTTT
1

40F

[
&

T
1

Sealar B, nT

= 3
=) &
[T

1
Wector B Magnitude,nT
3
&
T
1

r
]
N
o
!

L.

o ]

S

s s
LI R B
1

[
—
RMS_fleld_vector, nT

RMS_magnitude, nT

U L .

73 74 75 78 77 78 79 B0 &1 72 7z 74 75 76 77 7 79 B0 &1
Day of year Day of year

'ij.z

~1
&

Figure 6.6a. Magnetic field indices during the middle of March 2015
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Figure 6.6b. Plasma indices during the middle of March 2015

As the main storm occurred on March 17" 2015 (DOY 76), I investigate the magnetic field
indices, plasma activity indices, and solar indices four days before and after the storm. The
corresponding DOY's are from 72 to 80 as indicated in the horizontal axis of Figures 6.6a-c.
Data for all these figures are available at the official website of OMNIWeb . Figure 6.6a
describes the magnetic field of the Earth including IMF Magnitude Average (nT) and its
corresponding error Sigma in IMF Magnitude Avg (nT) in the left panel; Average IMF Vector
of Magnitude (nT) and its corresponding error Sigma in IMF Vector Avg (nT) in the right
panel. Figure 6.6b depicts the plasma activities including Proton Temperature (Kelvin) and its
corresponding error Sigma-T (Kelvin) in the left panel; Alpha/Proton Density Ratio and its
corresponding error Sigma-Alpha/Proton Ratio in the right panel. Figure 6.6¢c, meanwhile,
portrays the solar indices such as Kp*10, Dst (nT), ap (nT), AE (nT), AL (nT), AU (nT), and
polar cap (pc) index from Thule.
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Figure 6.6¢. Solar indices during the middle of March 2015

From Figures 6.6a-c, it is seen that all the basic indices related to the Earth's magnetic field
abruptly changed their values on the day the storm started, i.e. March 17", Also on this day,
all the indicators given above recorded the strongest fluctuations during the study period. In
general, before the storm, the indices remained stable at low levels. After the storm (from the
day 18" to the day 21*) the indices were not as high as the day 17" but there were still certain

fluctuations that occurred.

Specifically, the daily averaged value of the IMF magnitude Avg on the 17" was at a peak
of 19.2 (nT), while two days before and after had the corresponding indices of 10.2 (nT) and
10.7 ( nT). In the remaining days, this index was maintained at a low level of approximately
6-7 (nT). In case measured by hour, on the day 17" the hourly averaged value of the IMF
magnitude Avg index began to grow sharply from 4 UT to 5 UT with the corresponding
increase from 9.7 (nT) to 21.9 (nT). After that, the index remained at a high level until the end
of the day and gradually decreased during the next day (18th) to maintain stability from the

day 19" onwards. During the storm, its maximum value was around 31.5 (nT) at 14 UT on the
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day 17™. In the course of the study period, Plasma indices were recognized to behave

similarly to the magnetic field indices when comparing Figures 6.6a and 6.6b.

We now consider how the solar indices fluctuated during that period. All the daily
averaged of solar indices reached their absolute highest values on 17" except the Dst index
peaked on 18"™. During the study period, the Kp index remained the highest value of 77 for the
whole period from 12 UT to 23 UT on the day the storm arrived. Meanwhile, the Dst index
remained almost positive values until 7 UT this day. After this moment, it kept maintaining
the negative values until the end of 21%. Since the value of 56 (nT) at 5 UT, day 17", the Dst
index continuously decreased until around 22 - 23 UT the same day and was recorded its
lowest values below -200 (nT) during this moment. Other solar indices such as ap, AE, AL,

AU, and pc all recorded similar variations.

Thus, the indices of the magnetic field, plasma and Sun’s activities have reflected the
appearance with very strong intensity of the magnetic storm occurred on March 17", In the
following sections, I will explore how VTEC and the ionosphere in the Southeast Asia region

had changed due to the effects of the storm.

6.2.2. TEC variations and the behaviour of the ionosphere
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Figure 6.7. Mean daily of VTEC at some stations in the Southeast Asia area during the
biggest geomagnetic storm of SC24

83 https://omniweb.gsfc.nasa.gov/form/dx1.html
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Figure 6.7 shows the variations of daily mean VTEC at some stations in the South East Asia
region before, during, and after the storm with the horizontal axis is DOY (from 72 to 80
corresponds to 13" to 21° of March), the vertical axis is VTEC values in TECU. It can be
seen that one day after the storm started, VTEC at all stations suddenly plummeted to
approximately 20 TECU, of which, HKSL and HUE stations recorded the deepest decline,
respectively 13.4 and 12.5 TECU. The average value of VTEC at all stations in the days 17",
18™ and 19" were 36.3, 19.9, and 38.9 TECU respectively. From there, it can be seen the
average decrease in VTEC amplitude one day after the storm kicked off was about 45.1%, but
it restored almost immediately since after 18" (DOY 77), VTEC values were recovered to be

close to the previous values.

In order to investigate how the ionosphere behaved during the storm, the temporal -
latitudinal VTEC maps (Figure 6.8) have been created from IONEX files for seven
consecutive days starting from March 15", These VTEC maps are established in three areas
of longitude respectively 90°, 105°, and 120° aims to compare the reaction of the ionosphere
in different longitude areas. In Figure 6.8, the horizontal axis represents time of the day, the
vertical axis indicates latitude. The maps correspond to the days from 15™ to 21 are put from
left to right respectively. The bar colour scale from 0 to 100 TECU is common for all maps in
three longitude areas to facilitate comparison. Map groups from top to bottom are

corresponding to longitude regions of 90°, 105°, and 120°.

As introduced in Section 3.3, this type of map gives us a very clear view of the two
equatorial anomaly crests and their symmetry across the magnetic equator. From Figure 6.8, it
can be seen that the morphology of anomaly changed continuously day by day during the
storm. The first and most noticeable thing in this plot is the disappearance of an anomaly on
18™, or in other words, just one day after the storm came into existence, two anomaly crests
had merged into one. To examine more meticulously the behaviour of the ionosphere during
the storm, I determine the occurrence time, position (in latitude) and intensity (amplitude of
VTEC) of the two equatorial anomaly crests from 15™ to 21*. The results, which shown in
Figures 6.9a-c, are determined for the longitude region of 105°. Comparing the three groups
of maps (upper, middle, and lower) in Figure 6.8, it is seen that the variations of the
ionosphere in the adjacent longitude areas of 90° and 120° almost have the same tendency as

in the longitude area of 105°.
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Figure 6.8. Temporal - latitudinal VTEC maps established at different longitudes: the top
corresponds to 90° E longitude, the middle corresponds to 105° E longitude, and the bottom
corresponds to 120° E longitude (TECU unit, LT=UTC+7 h).

On the day 18", in addition to the disappearance of the southern crest as shown in Figure
6.9c, the sudden change in the occurrence time of this common anomaly crest is also an
interesting reaction of the ionosphere. Whereas before that day, the occurrence time of two
peak anomaly crests was about 15:30 LT, on this day the common anomaly crest occurred at
more than 12 LT, which is about 3.5 hours earlier. Similar to the amplitude of VTEC, just in
one day, the appearance time of anomaly crests returned to its previous state but somewhat

earlier.
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The average position of the two anomaly crests will be determined in the latter part of this
thesis, which is about 19.0°N latitude and 3.3°S latitude for the northern and southern crests
respectively (Table 6.4). But on the day two anomaly crests combined into one, its common
latitude was about 7.1°N. In other words, on 18", the southern anomaly crest completely
disappeared while the northern anomaly crest moved approximately 12° towards the equator

compared to its position the previous day.
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In summary, the behaviour of the ionosphere during the strongest geomagnetic storm of
SC24 occurred on 17" of March 2015 can be summarized as follows: one day after the storm
began, the development of ionospheric disturbance dynamo and the degeneration of EIA
leading to the northern crest moved equatorward a distance of nearly 12°, the southern crest
entirely vanished, and the average VTEC amplitude for the whole area of Southeast Asia
decreased by about 40% (amplitude of northern and southern crests decreased by 29.2% and
35.4% respectively). Also on 18", the occurrence time of the common anomaly crest was
more than 12 LT, about 3.5 hours earlier than usual. Nonetheless, all these variations of the
ionosphere happened only in one day after the storm emerged. From 19" onwards, the state of

the ionosphere was almost returned to its origin.
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The complete disappearance of the southern crest of EIA was also observed by [Lin et al.,
2005] during another strong geomagnetic storm happened in September and October 2003.
This phenomenon can be explained as follows: in the early stages of the geomagnetic storm,
the interactions between the solar wind and the southward of interplanetary magnetic field
provoke the eastern electric field to penetrate directly into the ionosphere [Kikuchi et al.,
2000]. This eastward electric field enhances the fountain effect and also the amplitude of the
anomaly crests and stimulates its expansion towards the pole. During the storm, when the
high-energy particle flow of the solar wind deeply penetrates the polar atmosphere and heats
it, there is an occurrence of the meridian neutral wind blowing equatorward. The complex
interactions between the neutral wind and the Earth’s magnetic field cause the phenomenon
called the ionospheric disturbance dynamo [Blanc & Richmond, 1980]. In which, the electric
field in the low latitude regions is in the westward direction, opposed to the eastward electric
field under normal conditions. This westward parallel electric field emerges in the recovery
phase, causing the downward plasma drift, the descent in the fountain effect and the

degeneration of the structure of EIA.

6.2.3. Ionospheric irregularities

In this section, I inspect the ionospheric disturbances during the last two weeks of March
2015. Similar to Table 5.2, the indices to be considered are S; and ROTI indices. The number
of ionospheric irregularities detection and its percentage of S4>0.3 and ROTI[>0.5 TECU/min
are given in Table 6.3. This table also provides the number of ionospheric scintillation
detected in ROTI maps which established from several IGS stations (indicated in the last
column) in the Southeast Asia region (15°S - 25°N latitude and 95°E - 115°E longitude).
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Figure 6.10. The S, index at HANOI station on March 19" 2015
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Figure 6.11. The ROTI index at HUE station on 16" (left) and 26" (right) of March 2015

Table 6.3. Statistics of S4, ROTI indices and the ionospheric disturbances derived from the
regional ROTI maps during the last two weeks of March 2015

HANOI station HUE station .
- - - - Regional ROTI maps

Days of S4 index ROTT index S4 index ROTI index

March Num % Num % Num % Num % Num % s tai\il(l)lrrlz 326 d
15 0 0.0 no data 2 0.0 38 0.4 1383 1.0 8
16 189 2.0 196 1.8 130 1.4 661 4.3 4785 3.0 9
17 0 0.0 4 0.0 0 0.0 2 0.0 318 0.2 9
18 0 0.0 3 0.0 0 0.0 13 0.1 225 0.1 9
19 233 2.5 285 3.0 82 0.9 36 0.3 1197 0.8 9
20 0 0.0 11 0.1 1 0.0 0 0.0 129 0.1 9
21 0 0.0 0 0.0 0 0.0 0 0.0 97 0.1 8
22 0 0.0 0 0.0 0 0.0 53 0.4 163 0.1 8
23 1 0.0 0 0.0 0 0.0 7 0.1 38 0.0 9
24 28 0.3 92 0.9 46 0.5 428 33 1784 1.3 9
25 10 0.1 33 0.3 35 0.4 110 0.7 617 0.4 9
26 174 1.9 71 0.9 173 1.8 799 5.5 4884 3.2 9
27 32 0.3 58 0.5 99 1.0 183 1.5 1468 1.2 8
28 24 0.3 20 0.2 27 0.3 167 1.3 1261 1.1 7

We first consider the correlation between S4 and ROTI at HANOI and HUE stations (note
that S4 data at HCM station was not collected during this period). The correlation coefficients
between S, and ROTI (concerning the percentage of detection) at HANOI and HUE stations
are 0.92 and 0.86, respectively. This proves a good agreement between these two indices
during the study period. This agreement can also be visually seen in Figures 6.12a-b which

show the ionospheric disturbances at these two stations during the second half of March 2015.

From Table 6.3 and Figures 6.12a-b, it can be seen on 16™, 19" and 24™-28" of March,

extremely strong ionospheric disturbances were observed at both HANOI and HUE stations.
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Meanwhile, on the remain days 17", 18", and 20™-23", very few ionospheric disturbances
were detected. Similar results were also recognized at BAKO, CUSV, NTUS, and XMIS
stations (Figures 6.12c-f). These results are also in accordance with the total number of
ionospheric irregularities obtained from ROTI maps. At all six stations during the nights of
March 17" and 18", ionospheric disturbances hardly grew because of the development of
ionospheric disturbance dynamo and the enhancement of westward electric field. These
phenomena stimulated ionospheric F-layer to move downward and thus the ionospheric

disturbances were prevented.

Figures 6.10 and 6.11 illustrate S4 and ROTI indices for a specific day. In these figures,
ionospheric disturbances can be seen at around 22 LT, this experience is consistent with the
research results in Chapter 4. This can also be recognized in Figure 6.13 with the
predominance of ROTI>0.5 TECU/min appearing before midnight. Unlike Figures 6.10 -
6.12, which only provide time information, Figure 6.13 provides both temporal and spatial
distribution of ionospheric irregularities occurred over the research area. As can be predicted,
most ionospheric irregularities appeared in the areas around the equatorial anomaly crests.
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Figure 6.12a. S, and ROTI at HANOI station during the last two weeks of March 2015
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Figure 6.12b. S, and ROTI indices at HUE station during the last two weeks of March 2015
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Figure 6.12¢c. ROTI index at BAKO station during the last two weeks of March 2015
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Figure 6.12d. ROTI index at CUSV station during the last two weeks of March 2015
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Figure 6.12e. ROTI index at NTUS station during the last two weeks of March 2015
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Figure 6.12f. ROTI index at XMIS station during the last two weeks of March 2015
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Figure 6.13. Regional ROTI map on March 26™ 2015 indicates both temporal and spatial
distributions of ionospheric irregularities, which primarily occur during the evening time and

appear concentrated around the peak EIA crests and symmetrically over the magnetic equator.

6.3. Characteristics of peak EIA crest in the Southeast Asia area (105° meridian)
during SC24

As stated in Section 6.1.4, the monthly mean temporal - latitudinal VTEC maps at 105°E
longitude with the latitude from 87.5°S to 87.5°N have been established from 2007 through
2017. In this section, I use these maps to investigate the occurrence characteristics of peak
EIA crests including appearance time, position, and its amplitude in the Southeast Asia region
during the study period. Research methodology has been introduced in Section 6.1.2. Figures
6.14a-c illustrate the temporal - latitudinal (monthly mean) VTEC maps over the research area
during SC24. Each map is averaged for one month and is represented for one day. The
purpose of creating mean monthly maps is to determine the characteristics of peak EIA crest
for long-term (seasonal and annual variations). TEC bar colour scale (from 0 to 50 TECU) is
the same for 11 years of research to facilitate comparison. As mentioned earlier, this map is
created from IONEX files and provides information about both temporal and spatial
fluctuations of TEC. So from these maps, information about the occurrence time, position and

intensity (amplitude) of the anomaly crests can be extracted.

Jan-2007 Feb-2007 Mar-2007 Apr-2007 May-2007 Jun-2007 Jul-2007 Aug-2007 Sep-2007 Oct-2007 Nov-2007 Dec-2007
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Figure 6.14a. VTEC maps over the Southeast Asia area in 2007 (TECU unit, LT=UTC+7 h)
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Figure 6.14b. VTEC maps over the Southeast Asia area during the period of 2008 — 2014
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Figure 6.14c. VTEC maps over the Southeast Asia area during the period of 2015 - 2017
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Figure 6.15b. The difference in occurrence time of peak EIA crests in each year. It can be
seen that in summer months of northern hemisphere (or winter months of southern
hemisphere) AT>0, meaning that northern crest occurs later than southern crest; And in winter
months of northern hemisphere (or summer months of southern hemisphere) AT<0, meaning

that northern crest occurs earlier than southern crest.

6.3.2. Occurrence position of peak EIA crests
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Figure 6.16a. Geographic latitudes of peak EIA crests during 11-year period indicate that two
anomaly crests are symmetric over the magnetic equator. The blue line corresponds to
northern crest, the red line corresponds to southern crest, and the dashed black line is the

magnetic equator.
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Figure 6.16b. Geographic latitudes of peak EIA crests in each year reveal that both crests
tend to move forward to the magnetic equator in the winter season and to move poleward in
the summer season. In this case, the trend of the northern crest is somewhat not as clear as

that of the southern crest.
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Figure 6.16¢c. The modification in distance between two peak EIA crests during 2007 - 2017
period. It can be noticed that in summer (of the northern hemisphere), the two anomaly crests
are closer to each other and they tend to expand in winter. The specific distance between them

will be exposed in Figure 6.18.

6.3.3. Occurrence amplitude of peak EIA crests
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Figure 6.17. Amplitudes of peak EIA crests during 11-year period

Figure 6.17 makes obvious the dependence of the amplitude of peak EIA crests on the phase
of solar cycle. That is in the ascending phase, the amplitude of crest in autumnal equinox is
larger than that in the vernal equinox, on the contrary, in the descending phase, the crest’s
amplitude in spring equinox is larger than that in autumnal equinox. Meanwhile, in both solar
maximum and minimum years, the differences in amplitudes of the crests in both equinoctial
months are negligible. Also in this figure, the monthly average VTEC is determined from
IONEX files for the whole area of Southeast Asia and is represented by the green line. Their
correlation coefficients with the solar indices (F10.7 index and SSN index) can be found in
the legend. It can be seen that monthly mean VTEC has better correlations with solar indices
than the amplitude of crests. Once again, the F10.7 index proves to be more suitable with the
amplitude of VTEC than the SSN index. In general, the average correlation coefficient of 0.90
shows a high agreement of VTEC with the solar indices during the research period. Refers to
Figure 3.15, the annual variations of crests’ amplitude and monthly mean VTEC in Figure

6.17 are consistent with the progression of solar cycle.

6.3.4. Annual variations of peak EIA crests

Table 6.4 furnishes with the results of occurrence characteristics of peak EIA crests that are
averaged annually over the study period in the Southeast Asia region. Data given in this table
including occurrence time (hour in UTC), latitude (degree) and amplitude (TECU) of the two
anomaly crests. It is graphed by Figure 6.18a-c. The yearly mean VTEC calculated for the
whole region and the yearly average of SSN are also given to study the correlation between
them. The correlation coefficients between northern anomaly crest, southern anomaly crest,

and yearly mean VTEC with the SSN index are determined to be 0.99, 0.98, and 0.99
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respectively. Such high correlation coefficients indicate the almost absolute similarity of

VTEC’s amplitude with the intensity of Sun's activity during the study period.

Table 6.4. Occurrences of peak EIA crests in the Southeast Asia region during SC24 (LT=UTC+7 h)

Northern crest Southern crest mean

Yearl
Year Time Latitude Amp Time Latitude Amp VTEC mean SSIEII (64
(hr) (deg) (TECU) (hr) (deg) (TECU)  (TECU)
2007 7.3 18.2 33.1 6.8 -2.5 32.9 9.4 12.6
2008 7.1 17.8 29.5 6.7 -3.0 29.3 8.4 4.2
2009 7.3 18.0 28.2 6.7 -2.7 28.0 8.6 4.8
2010 7.3 19.4 39.2 7.0 -3.1 38.9 11.6 24.9
2011 7.6 19.9 61.3 7.2 -3.9 59.0 18.1 80.8
2012 7.6 19.9 68.5 7.3 -4.2 65.8 20.0 84.5
2013 7.7 20.3 70.3 7.5 -4.1 67.4 20.8 94.0
2014 7.9 20.3 83.5 7.6 -3.3 79.4 24.7 113.3
2015 7.7 19.4 68.2 7.6 -3.2 69.2 19.7 69.8
2016 7.7 18.3 45.8 7.4 -2.8 47.8 12.9 39.8
2017 7.4 18.0 34.7 7.3 -3.3 374 10.0 21.7
Average 7.5 19.0 51.1 7.2 -3.3 50.5 14.9 50.0
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6.3.5. Remarkable conclusions on the characteristics of peak EIA crest

From Figure 6.14 to Figure 6.18, I conclude the seasonal variations of peak EIA crests over

the South East Asia area as follows:

* In each year, the amplitudes of the crests in both hemispheres reach the maximum in

equinox months and minimum in solstice months (Figure 6.14 and Figure 6.17).

* In the increasing phase of solar cycle (period of 2009 - 2014), the amplitude of the crest in
autumnal equinox is larger than that in the vernal equinox. Conversely, in the decreasing
phase of the solar cycle (period of 2007 - 2009 and 2014 - 2017), the crest’s amplitude in
spring equinox is larger than that in autumnal equinox. For the solar maximum years
(period of 2012 - 2014) and solar minimum years (period of 2008 - 2009), the differences
in amplitudes between two crests in both equinoctial months are insignificant (Figure

6.17).

* Both anomaly crests are likely to move equatorward, appear earlier in the winter months

and to move poleward, occur later in summer months (Figure 6.15a and Figure 6.16b).

* During the period from November to February each year, the northern crest often appears
sooner than the southern crest and the distance between them is determined to be the
furthest during the year. Meanwhile, in the period between May and August, the southern
crest usually occurs earlier than the northern crest and the distance between them is

considered to be closer (Figure 6.15b and Figure 6.16c¢).
For a long-term overview of peak EIA crests, the main conclusions include:

* For SC24, the average geographic latitudes of northern and southern anomaly crests of
EIA are about 19.0°N and 3.3°S, respectively. The geographic longitude, of course, is
105°E as for the research area. The average occurrence time of northern anomaly crest is
around 14:30 LT, while the southern crest appears about 20 minutes earlier. The mean
amplitudes of the two crests are relatively equal with the values of approximately 50-51

TECU.

* Like TEC, the annual variation of the amplitude of anomaly crests has a high agreement
with the SSN index with the correlation coefficients between them reach almost 1. The
amplitudes of the crests are minimal (around 30 TECU) in the deep solar years and are

maximal (around 80 TECU) during the most active years of SC24 (Figure 6.18b).

* In the ascending phase of solar cycle, both crests move further from the magnetic equator,

the amplitudes increase and the appearance time is later. On the contrary, in the
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descending phase of solar cycle, both crests move closer to the magnetic equator, the

amplitudes decrease and the appearance time is sooner (Figure 6.18a-c).

* The two anomaly crests usually appear symmetrically over the magnetic equator, but the
distance between them is further (from about 2500 km to nearly 3000 km) following the
increasing years of solar cycle since both crests tend to move poleward during this solar

phase (Figure 6.18c¢).

For the explanation of seasonal variations of peak EIA crests, we consider the overall
model which is a combination of the theory of neutral wind passing through the equator
(trans-equatorial neutral wind), the subsolar point, and the neutral wind blowing from the
polar towards equator (auroral equatorward wind) at the time of solstices as indicated in
Figure 6.19. According to the model, the central zero shows the geomagnetic equator, other
degrees show the geographic equator and tropics where the subsolar points are located. The
central and the slant black arrows indicate the directions of the trans-equatorial neutral wind
and auroral equatorward wind, respectively. The streamlines show the ionospheric fountain
effect. Figure 6.19 shows two cases when the northern hemisphere is in summer (a) and
winter (b). The theory of neutral wind blows through the equator can be explained as follows:
during the neutral wind blowing from the summer hemisphere to the winter hemisphere, ions
are also transported accordingly, thus hindering the development of anomalies in the summer
hemisphere and increasing the anomaly crest in the winter hemisphere. In principle, when the
neutral wind blows from the polar towards the equator in the winter hemisphere, the electron
density at the anomaly crest in this region is maintained and its position tends to be pushed
towards the equator. This is the reason why the position of anomaly crest is closer to the

equator in the winter.
@

Sun
summer winter
Figure 6.19. The schemes of the combined theory
of trans-equatorial neutral wind, subsolar point, and ~ N_—gm 435 © 2350 3
auroral equatorward wind in solstices [Tsai et al.,
(k)
2001]. Sun
winter summer
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From Figure 6.19, we see that in northern hemisphere, the subsolar point is closer to the
magnetic equator in the summer and it is further away from the magnetic equator in the
winter. When the subsolar point is at the average latitude not close to the magnetic equator
(winter in the northern hemisphere, Figure 6.19b), then the process of solar ionisation and
equatorial plasma transport is predominant and the occurrence time of anomaly crest will be
around local noon (12 LT). On the other hand, when the subsolar point is near the magnetic
equator (summer in the northern hemisphere, Figure 6.19a), it will significantly reduce the
value of TEC in the region due to the increase in the diffusion process leading to an increase
in the recombination process of ions and electrons. This process predominates over the
process of solar ionisation and the process of equatorial plasma transport in this region,
resulting in the late occurrence of the anomaly crest (compared to the winter). This explains
why in winter, the occurrence time of anomaly crest is usually earlier and in summer it is

later.

6.4. Chapter summary
The main contents of Chapter 6 are summarized as follows:

- Section 6.1 introduces temporal - latitudinal VTEC map and the method to study EIA. Its

major contents encompass:

o Introduces IONEX files and its basic application GIM which provides global
VTEC maps with the common time resolution of 1 or 2 hours and the spatial

resolution of 5°x2.5° in longitude and latitude respectively (Section 6.1.1).

o Explains the mechanism of occurrence and existence of EIA and proposes the
method of using temporal - latitudinal VTEC map to study the occurrence

characteristics of peak EIA crests (Section 6.1.2).

o Presents the method of establishing the temporal - latitudinal VTEC map from
GNSS measurements using RINEX files (Section 6.1.3).

o Presents the method of establishing the temporal - latitudinal VTEC map from
available global VTEC map (GIM) using IONEX files. From there, compares the
advantages and disadvantages of the two methods. This section also introduces the

types of VTEC maps which have been created in this thesis (Section 6.1.4).
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- Section 6.2 studies the case of the most intense geomagnetic storm of SC24 happened on

March 17" 2015:

o Some parameters of the magnetic field, plasma, and solar indices before, during,

and after the storm are first exposed aims to indicate the intensity of the storm.

o TEC variations and the behaviour of the ionosphere are also examined. The results
of the study indicate that amplitude of VTEC had a sharp decline (approximately
40-45%) just one day after the storm occurred and it recovered almost the same
soon after the next day. The temporal - latitudinal VTEC maps at three different
longitudes (90°, 105°, and 120°) have been produced to probe the behaviour of the
equatorial anomaly crests during the storm. The results show that one day after the
storm took place, the southern anomaly crest completely disappeared, the northern
anomaly crest moved about 12° toward the equator, the amplitude of the common
anomaly crest decreased by about 30%, and the occurrence time was about 3.5
hours earlier than usual. However, all of these experiences had only occurred
within one day (18™). Since the 19™ onwards, the operating status of the anomaly
crests recovered almost the same as it was earlier. The cause of such reactions in
the ionosphere is attributed to the development of ionospheric disturbance dynamo
and the enhancement of the fountain effect due to the interactions between the

solar wind and the southward of interplanetary magnetic field during the storm.

o The correlation coefficients between S4 and ROTI at HANOI and HUE stations are
determined to be 0.92 and 0.86, respectively. These results authenticate the high
consistency of these two indices in the study of ionospheric irregularities,
especially during strong geomagnetic storms. Investigation results of ionospheric
disturbances in the second half of March 2015 (Table 6.3) show that in some days
of 16", 19™ and from 24™ to 28", S4 and ROTI indices fluctuated strongly, while
the remaining days were quite quiet, even the day when the storm occurred (17™)

and the day the southern anomaly crest disappeared (18™).

o The main events of the storm can be summarized as in Figure 6.20 with the blue
circles represent quiet days, the red circles represent disturbed days (concerning
ionospheric irregularities), and bracket indicates the ap index (nT) of the

corresponding day of March 2015.
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+ Southern crest disappeared
+ Northern crest moved 12° toward

the magnetic equator Day Day
+ Amplitude of crest declined ~ 30% (ap) (ap)
+ Occurrence time of crest was 3.5
hours earlier
+Mean VTEC decreased ~ 40% . .
Quiet day Disturbed day

16 17
(12) (108)
+ The storm arrived EIA returned ) ) . .
+ EIA enhanced to as it was beare Quiet days period Disturbed days period

Figure 6.20. Developments of the geomagnetic storm occurred in March 2015

Section 6.3 presents the temporal - latitudinal (mean monthly) VTEC maps over the
Southeast Asia region for the period of 2007 - 2017. From there, the characteristics of
seasonal and annual appearance, location and intensity of peak EIA crests are revealed in
turn. Some key conclusions about the featured appearance of peak EIA crests have been
given in Section 6.3.5. Among them, the most noteworthy results are: very high
correlation (approximately 1.0) between VTEC (both mean VTEC and the amplitude of
crests) and the SSN index; In one year, the crests tend to move equatorward more
significantly in winter than in other seasons. There is a tendency for both crests to appear
earlier in winter and later in summer; During the rising phase of solar cycle, both crests
tend to move towards the corresponding pole, the amplitude increases, and the occurrence
time is later. During the descending phase, both crests shift gradually toward the equator,
the amplitude decreases, and the occurrence time is earlier. Explanations on the seasonal

variations of peak EIA crests are also given in this section.
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7. Summary, conclusions, and outlook

7.1. Summary and conclusions

The first mission of the thesis is to review the basic knowledge of the ionosphere such as its
structure and its spatial and temporal variations, with emphasis on the phenomenon of
ionospheric scintillation and its risk of interference to the transmission of electromagnetic
waves. Other potential sources of disturbance to the ionosphere are also mentioned. In
general, signal propagation through the ionosphere is severely affected by solar activity,
especially in the areas near the magnetic equator and at high-latitude regions. Due to Earth
rotation, there is a correlation between TEC and daily time, that is maximum just after local
noon, and minimum during nighttime. Electron density also changes seasonally throughout
the year. In spring and autumn in the equatorial regions, the Sun's rays are perpendicular to
the Earth's surface, leading to maximum ionization and the maximum electron density. In
summer and winter, reduced ionization leads to lower electron density. Besides, the density of
the electrons also depends on Earth's magnetic field. According to the geomagnetic reference
frame, the Earth is divided into three regions: equatorial, mid-latitude, and polar region. The
size and variability of the electron density are largest in the equatorial and polar regions,
meanwhile, in the mid-latitude areas, the electron density only fluctuates rapidly in response

to extreme levels of ionospheric or geomagnetic storms.

In this thesis, alternative methods have been proposed to detect scintillation error in GNSS
measurements. The proposed methods are the method of using high-rate GNSS receivers to
directly output S4 index and the method of using dual-frequency measurements to compute
the replacement indices for S4 including ROTI, VTEC gradient. Each method has its own
advantages and disadvantages depending on each specific case to be applied. In principle, the
method of using dedicated receivers operating at a high sampling rate to directly output S,
gives the highest reliability. This is also the best method for studying ionospheric scintillation
in areas not too large and when financial ability allows the installation of receivers with a
reasonable density (as the case study of Chapter 4 for the Vietnam region). In the absence of
scintillation receivers or the need to study scintillation on a large scale, using ROTI index is
the recommended solution. The main advantage of this method is the enormous number of
standard dual-frequency GNSS receivers on a global scale (along with it, the number of

satellites from different GNSS systems is constantly increasing nowadays) compared to the
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limited number of scintillation receivers currently available (as the case study of Chapter 5 on

a global scale).

One of the contributions from this dissertation work is to develop an ionospheric software
tool. This program can handle both standard GNSS measurements and high-rate observations.
The outcomes of the program such as VTEC, VTEC gradient, ROT, ROTI, S4, etc. can be

used to assess the level of disturbance of the ionosphere.

To detect ionospheric scintillation in case there are no scintillation receivers to provide the
indices in-phase and quadrature, another solution can be used by computing VTEC gradient
and ROTI index directly from GNSS observations. The results of this study demonstrate that
it is possible to use RINEX file to evaluate the presence and intensity of ionospheric
irregularities, which are usually characterized by ROTI index. There is a high correlation
between VTEC gradient and ROTI in this study and the enhancement of amplitude
scintillation (S4) corresponds quite well with TEC depletions and ROTI fluctuations. Results
from Chapter 2 indicate a large scintillation error occurrence at around 11 UT at POTS (in

Germany) and BAHR (in Bahrain) stations on October 28" 2003.

As solar flares and solar wind carry charged particles from the Sun, the electron
concentration is strongly affected by these factors, and also electromagnetic radiation from the
Sun. When these particles reach the Earth, some of them are trapped in the Earth's magnetic
field, thus adding to the number of TEC and accompanied by the turbulence in the
ionosphere. When the radiation intensity from the Sun increases, it penetrates further into the
1onosphere and then increases the electron density and charged particles. Therefore, regions of
the ionosphere that are closer to the Sun (F; and F, layers) typically increase the electron
concentrations. As a result, there is a biannually increasing in TEC during the spring and
autumnal equinoxes as the Earth is most exposed to the Sun during these seasons. This is one
of the basic characteristics of TEC’s temporal variations. In Chapter 3, from the results of
VTEC calculation in eleven consecutive years at seven IGS stations located in Southeast Asia,
conclusions about the variability of TEC have been drawn. In which, new findings and

significant results can be listed as follows:

* VTEC has been calculated and investigated in a long-term period (11 years) with different
options: maximum monthly, mean monthly, and mean daily. The corresponding

correlation coefficients with the solar indices are also attached.
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* Presents more detail the development of SC24, especially the abnormal fluctuations

during the period of 2012 - 2014.
* Highlights the dependence of seasonal variations of the ionosphere on solar phase.
* Proposes a new method to study spatial variations of TEC.

* Indicates that the F10.7cm index is more appropriate (with the calculated VTEC results)
than the SSN index in the research area during the study period.

* For the first time, the mean (monthly) VTEC for an entire large area (Southeast Asia) has

been calculated for eleven consecutive years.

« All the phenomena of TEC variations revealed are explained by the physical properties of

the ionosphere.

When studying the ionosphere and TEC variations, it would be incomplete if we ignore the
effects of ionospheric scintillation. From the data received at three scintillation receivers
located in Vietnam in two years 2009 and 2015, the occurrence characteristics of ionospheric
scintillation over this region have been revealed. After the process of filtering to detect and
eliminate the multipath effect, the temporal and spatial distributions of ionospheric

scintillation over Vietnam region are concluded at some points as follows:

* Applying the introduced filtering algorithm can not only separate other errors from the
error due to scintillation effect but also a new method to detect and remove the multipath

€rror.

* Diurnal variations: as the F-layer of the ionosphere has an increase in the number of
electrons during the evening hours, ionospheric scintillation mainly occurs at pre-midnight

hours, that is between 20 and 24h local time, and it rarely appears during the daytime.

» Seasonal variations: ionospheric scintillation occurs more frequently during the
equinoctial months and less frequently during the solstitial months. Nonetheless, this
pattern of seasonal variations does not apply to South America where the geomagnetic

equator deviates sharply from the geographic equator.

* Annual variations: scintillation activity is dependent on solar cycle, it is more intense, and
more frequent in the active solar years and weaker, and less common in the low solar

years.
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» Position and direction: scintillation activity appears primarily surrounding the positions of
EIA’s crests. It also occurs predominantly in observations with low satellite elevation (less
than 40°) and its positions often direct toward the anomaly crests. Particularly in the
Vietnam region, strong ionospheric scintillation occurs more often in the northern area
and then to the middle area. The southern area is the least likely to be affected by

ionospheric scintillation error.

Using S, index to study ionospheric scintillation over Vietnam region has given very clear
results, reflecting the exact characteristics and essence of scintillation activity in equatorial
regions. Nevertheless, as mentioned above, to study global ionospheric irregularities, the
ROTI index is often preferred. Taking advantage of the relatively dense density of IGS
stations globally (currently more than 500 stations), the global ionospheric irregularities map
using ROTI index has been produced. This map provides both temporal and spatial
distributions of worldwide ionospheric scintillation, and clearly shows the distinctive
appearance characteristics of different latitude regions of the Earth. That is scintillation often
appears in the evening and persists until around midnight with strong intensity in low-latitude
areas. In polar regions, it can occur at any time but with lower intensity. Meanwhile,
scintillation hardly occurs in mid-latitude areas. This ROTI map also indicates that South
America and Southeast Asia are two of the areas most vulnerable to scintillation activity.

These two regions, of course, belong to the EIA.

Among different regions of the world, equatorial anomaly region is the region with dense
electron density concentrated in the F,-layer. The ionosphere in this region is most sensitive
to electromagnetic waves. In satellite geodesy, this area has potential risks of errors to radio
signals. Therefore, understanding the structure of EIA is paying more attention to space
geodesists today. The research area (South East Asia) is also located entirely within the EIA.
It is well known that EIA is characterized by an electron density trough at the magnetic
equator and the two crests of enhanced electron density at approximately +15° magnetic
latitudes. This structure of the equatorial ionosphere is supposed to be caused by during the
daytime, the east-west electric field and the north-south geomagnetic field create the lift of
plasma in the E-layer by vertical E-B drift. After being transported to higher altitudes (the F-
region), the plasma diffuses downward along the geomagnetic field lines into both
hemispheres under the influence of gravity and pressure gradients. This fountain effect is the

main driver of EIA. Moreover, in the equatorial zone, there are still different physical
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processes such as trans-equatorial neutral winds or neutral composition effects leading to the
variations in the structure of EIA. The combination of the above effects makes the structure of
EIA often in a state of instability and vulnerability. To investigate how EIA’s structure had
changed during SC24, the temporal - latitudinal VTEC map has been established. Thereby,

featured appearance of EIA crests in Southeast Asia is revealed.

The occurrence characteristics of EIA crests in Southeast Asia can be summarized as
follows: In winter, anomaly crests often appear early and tend to shift toward the equator. On
the contrary, in summer they appear late and tend to move towards the poles. During the solar
cycle increasing phase, both crests move further from the equator, the amplitude increases,
and the appearance time is later. During the decreasing phase, both crests shift toward the

equator, the amplitude decreases, and the appearance time is earlier.

The high consistency between the state of the ionosphere and the activity status of solar
cycle is demonstrated by the correlation coefficients between VTEC and the SSN index,
recorded at a very high level, approximately 1.0. Meanwhile, the correlation coefficients
between S; and ROTI at HANOI and HUE stations during the biggest geomagnetic storm of
SC24 happened on March 17", 2015 are determined to be 0.92 and 0.86, respectively. By the
way, the behaviour of EIA’s structure during an intense geomagnetic storm is exposed.
Specifically for this case, one day after the storm arrived, as the ionospheric disturbance
dynamo developed and the degeneration of EIA, the northern crest moved equatorward a
distance of approximately 12° compared to its previous position, the southern crest
completely disappeared, and the average VTEC amplitude for the entire region of Southeast
Asia declined about 40% (amplitude of northern and southern crests decreased by 29.2% and
35.4% respectively). Also on this day, the appearance time of the common anomaly crest was
about 3.5 hours earlier than usual. Nevertheless, all of these experiences had only occurred
within one day (18"™), since the 19" onwards the state of the ionosphere was almost returned

to as its origin.

7.2. Outlook and further studies

Thus, caused by ionization density irregularities, scintillating signals change phase
unexpectedly and vary rapidly in amplitude. Together with phase advance and group delay,
scintillations are the major ionospheric effects for microwave signals which limit the
performance and availability of satellite geodesy systems. For ionospheric delay, the

technique of using multi-frequency measurements has achieved maximum efficiency, but for
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scintillation effects, the question now is how to face it and what are the mitigation strategies?

A few ideas to solve these problems are as follows:

= Firstly, increasing the number of observed satellites is the key point owing the fact that
not all Satellite signals are simultaneously affected during an intense scintillation event.
Fortunately, this is possible since Global Navigation Satellite Systems such as GPS,
GLONASS, GALILEO, BEIDOU, etc. are growing rapidly, along with the increasing

number of satellites (including satellites navigation and LEO).

* Secondly, increase the number of scintillation receivers operating at high-rate of sampling

to be able to capture the small-scale irregularities in the ionosphere.

» Thirdly, instead of using normal receivers, try to use receivers that can have a fast re-
tracking the satellites after the loss of lock, because this kind of error usually occurs and

exists in a very short time.
As discussed in Chapter 2, the most sensible strategy for ionospheric scintillation research is:

* For an area of moderate size, consider setting up scintillation stations with a suitable
density. These stations will directly provide S4 index, which is the most reliable indicator
and best reflects the scintillation intensity in satellite signals when they pass through the
ionosphere. However, this solution should only be applied in the equatorial regions or
high-latitude areas. In mid-latitudes, as scintillation activity is very rare, the installation of
scintillation receivers is not truly worth compared to the cost that will have to be spent to

build and maintain it. In these areas, the recommendation is to use the next solution.

* The second solution is advisable to be applied to large areas or globally. This solution
takes advantage of the vast number of measurements from dual-frequency GNSS receivers
being and will be installed with increasing density globally. And as mentioned above, with
the growing number of satellites, this method is even easier to implement and can be
highly effective. From these data, ROTI index can be derived and used to study the spatial

and temporal distributions of ionospheric irregularities.

When forecasting the prospect of ionosphere and scintillation, it would be incomplete
without mentioning the solar cycle activity and other extreme phenomena of the ionosphere
such as ionospheric storms or geomagnetic storms. The fact shows that the state of the
ionosphere during the last years of the previous decade and early 2020 (solar minimum

period) is usually maintained at a fairly stable level, without too many strong ionospheric
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storms happening. Therefore, the extent of its impact on space geodetic techniques during this
period is not too serious. The upcoming solar maximum is predicted to be around 2024 and
2025. Theoretically, it does not affect all regions of the Earth equally but the dense and thick
ionosphere arising during this period will slow electromagnetic waves at all latitudes.
Meanwhile, storms in the ionosphere (if they occur) present an additional danger to satellite
signals when they create irregularities. So, what are the main challenges of scintillation for the

three different latitude regions of the Earth in the upcoming solar cycle (SC25)?

e At low-latitudes, the ionosphere will create its own storms, now made more intense by the
denser, thicker ionosphere and as usual, this leads to the greatest danger to radio signals in
these areas. lonospheric storms typically form after sunset and last for several hours. As
the F-layer in the ionosphere has an increase in the number of electrons during this period
and because of the Rayleigh-Taylor instability, scintillation is most intense in the EIA

regions during the evening hours.

e At mid-latitudes, the ionosphere will experience storms driven by solar flares and
magnetic storms. These storms form irregularities that cause satellite signal to be
scintillated. In view of the fact that during the last solar maximum (period of 2013 - 2014)
very few resources were applied to understanding scintillation, so what we truly know
about the threat of ionospheric scintillation in these areas is very little. These can be

considered as the major challenges of ionospheric scintillation at high-latitude areas

during SC25.

e At high-latitudes, the threat comes during magnetic storms, in which blobs of the
ionosphere from the dayside are swept over the polar cap onto the nightside. These blobs
form irregularities that cause satellite signals to scintillate. Besides, individual auroral arcs
can cause rapid phase variations or even diffractive scintillation. For the users of space
geodetic techniques, the most significant concern in these regions is that the appearance of
scintillation does not follow the rule as for the equatorial regions (which often occur only

in the evening).
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From the issues posed and solved in this thesis, future open research can be outlined as

follows:

e Regarding S4 index calculation technique: it is necessary to study the calculation of Sy
from high-rate scintillation receivers with different samplings. In this thesis, only the 50-
Hz scintillation receivers is used to determine S4. So, the questions are what is the
minimum limit of sampling rate that is enough to be able to capture scintillation events

and in case of using receivers with higher sampling rate, what will be the pros and cons?

e Regarding ROTI index calculation technique: the time interval over which a value of
ROTT is calculated should be paid more attention in subsequent studies. Although there
have been studies about the impact of different sampling rates and calculation time
intervals on ROTI values, the reality proves that these values are not best fixed for all

cases, but they vary flexibly depending on the regions and time of calculation.

e In addition to S4 and ROTI indices, it is also necessary to invent more indicators and

methods to study scintillation and the electron density irregularities in the ionosphere.

e Developing and using scintillation models to predict and warn of ionospheric extremes

related to scintillation activity.

e In this thesis, GNSS measurements are mainly used to study ionospheric scintillation. To
be eligible for evaluation the reliability as well as to improve the accuracy of the research
results, further steps need to be carried out is to use additional space geodetic
measurements such as radio occultation observations, VLBI observations, DORIS
observations,... The combination of different measurements is always expected to yield

better results.

e To study ionospheric scintillation it is best to use specialized receivers which can provide
scintillation indices (S4 index for instance). Therefore, there is a need to consider the
installation of additional scintillation stations in EIA areas, especially in the two most
affected areas, South America and Southeast Asia. A network of such stations with
sufficient density will assist to better control the impacts of scintillation on

electromagnetic wave signals.
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