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Abstract

The centroid of mass of the ionosphere lies in the region that contains the highest
concentration of electrons. The height from the Earth’s surface to the point where
the centroid is located is called the effective height of the ionosphere. The effective
height is useful for aspects such as mapping the Total Electron Content (TEC) over a
given region, calibration of Global Navigation Satellite System (GNSS) observations,
and satellite navigation augmentation among others. Due to the heterogeneous nature
of the ionosphere, the effective height varies from one place to another. This variation
is particularly pronounced in the low-latitude regions which have high electrodynamic
activity. The high electrodynamic activity may render the value of the effective height
used in most models and algorithms unsuitable for the low latitude region, particularly
the East African region. In this study, the 350 km effective height of the ionosphere
used in many ionospheric algorithms was validated for the East African region. This
was determined using data from GNSS receivers and Ionosondes in the region. Another
technique that utilizes the GNSS receivers aboard the swarm satellites was introduced
to supplement the existing GNSS-TEC methods. The results show that the effective
height over the East African region lies in a range of 350 km to 500 km, with a
modal value of 400 km. The effective height of the ionosphere exhibit temporal
variations, where the day-time values are higher than the night-time values, with the
peak appearing between 09:00 UT and 16:00 UT. The seasonal variation showed slightly
higher values in the equinox months than in the solstice months. The spatial variation
of the effective height shows an asymmetry between the trough and the crest of the
anomaly region, with higher values at the equator during the day-time and vice versa
at night. The model predicted values of effective height were validated against the
height of the peak electron density (hmF2) obtained from ionosondes for the month
of April 2024. The predicted values are in good agreement with the measured values,
and performed slightly better than International Reference Ionosphere (IRI) values
especially in the day-time ionosphere. The good agreement between the predicted
values and observations suggest that the model may be used to predict the effective
height over a place in the East African region where observations are not available.
The results showed that while the value of 350 km can still be used for the nighttime
ionosphere, the most appropriate value for the East African region is 400 km.
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Chapter 1: Introduction

1.1 Background

The refractive ability of the ionosphere causes signals propagating through it to be
slightly delayed (Houminer and Soicher, 1996; Birch et al., 2002; Li et al., 2017). The
delay suffered by a signal is a useful phenomenon that currently enables Scientists to
estimate the integral number of electrons in a square meter column from the satellite
to the receiver, referred to as the Total Electron Content (TEC) (Ma and Maruyama,
2003; Li et al., 2017). Global Navigation Satellite System (GNSS) transmits signals
at different frequencies: L1, ranging from 1,559 to 1,610 MHz to accommodate all
constellations, L2 ranging from 1,215 to 1,300 MHz, and L5 ranging from 1,598 to 1,609
MHz (Hegarty, 2012). For the dual frequency GNSS receivers, two of the signals L1 and
L2, are analyzed by ground receivers to measure the carrier phase and pseudorange.
The difference in travel time between the signals transmitted at these two frequencies
is determined to estimate the ionospheric delay, which is then translated into TEC
(Arikan et al., 2016; Seemala, 2023). Several techniques have been employed to clean
the derived TEC from both the satellite and receiver biases, with the most common
being Grid method (Ma and Maruyama, 2003; Li et al., 2017), Kalman filtering method
(Acharya et al., 2009; Muslim et al., 2019), polynomial method (Ya'acob et al., 2009;
Osei-Poku et al., 2021), and the method of minimisation of standard deviation of VTEC
for a single station (Ma and Maruyama, 2003; Seemala, 2023).

The measured TEC from the satellite to the receiver, called slant TEC (sTEC), is
often converted in to vertical TEC (vTEC). The vTEC is useful in estimating the
adjustment needed to compensate for the ionospheric delay, commonly referred to as
correction factor. This factor is calculated for the GNSS receivers, especially for single
frequency type, through augmentation system (Komjathy et al., 2012; Juan et al.,
2004; Krankowskia et al., 2009). The conversion of sTEC is achieved with the help of
a mapping function that depends on the effective height of the ionosphere, or the thin
shell in the Single Layer Model (SLM) (Klobuchar, 1987b). The altitude of the shell
above the GNSS ground receiver greatly influences the measured value of TEC due to
the spatial and temporal variation of the electron content (Huang et al., 2011; Li et al.,
2017). In addition, the thin shell ionospheric model, which is also called SLM helps in
calibration of the GNSS observations by removing the inter frequency biases, known
as the Differential Code Biases (DCB). The DCB originate in both the satellite and

receiver hardware (Brunini et al., 2011).

The SLM assumes a thin layer above the Earth’s surface at the altitude of the iono-
spheric mass centroid or effective height. The ionospheric mass centroid is the point
in the F2 layer of the ionosphere where the centre of gravity of the ionosphere lies
(Gulyaeva et al., 2021), and the height from the Earth’s surface to this point is called



the effective height of the ionosphere. This height is also considered as the height of the
Tonospheric Pierce Point (IPP), which is a point in the ionosphere where the vertical
line above the user intersects with the direct line of sight from the satellite to the user
(Rao et al., 2006). Other uses of ionospheric effective height are to compare the sTEC
received from satellites when at different elevation angles (Ya’acob et al., 2010), map
TEC over the globe, e.g the Global Tonospheric Maps (GIMs) products (Hernandez-
Pajares et al., 2017), argumentation (Nava et al., 2007), and calibration of the GNSS

observations (Brunini et al., 2011).

Earlier studies, e.g ionospheric corrections for GPS systems in North America (Klobuchar,
1987a), a review of ionospheric models and empirical data (Davies, 1990a), and the
Bent ionospheric model developed and used extensively for GPS ionospheric correction
studies (Bent et al., 1972), considered an effective ionospheric height of approximately
350 km. Other studies, e.g (Lanyi.G, 1986; Coco et al., 1991; Wilson and Mannucci,
1993; Sardén et al., 1994), all conducted in mid-latitude, recommended a height of 350
km to be a suitable value of the effective height of the ionosphere (Wang et al., 2024).

However, because the ionosphere varies with location on Earth and with the time
of day or season (Forbes et al., 2000), the 350 km altitude used in the SLM, drawn
primarily from studies in mid-latitude regions, may not be consistent or optimal for all
regions. More studies conducted in various locations have uncovered differing values.
For example, a value of 400 km has been suggested in the studies by Jakowski and
Jungstand (1994) and Ciraolo and Spalla (1997) for Europe; and G.L.Goodwin (1992)
for Australia. This disparity in the values of effective height obtained prompted more
studies in several places around the world, where the findings have suggested a range
of values rather than just a single value. For example, a study by Birch et al. (2002) in
United Kingdom, located in the mid-latitude region, revealed a range of 750 km to 1200
km, which is way above the 350 km. Similarly, Nava et al. (2007) used GPS data from
the Italian sector of the mid-latitude region, and suggested a value of 400 km and above.

In the recent years, numerous simulations have been conducted on the effective height
of the ionosphere, and their results also illustrate variations. For example, Brunini
et al. (2011), found a range between 340 and 410 km in South America, Guo et al.
(2014) utilized a simulation based on the Global Core Plasma Model (GCPM), which
encompassed data and analysis from various regions around the world to estimate the
effective height. The study found that the optimal value of the effective height is 560
km during low solar activity periods, and 695 km during high solar activity periods.
In the same way, Yang et al. (2014) simulated the effective height of the ionosphere
using an International GNSS Service (IGS) station, DLFT found in Greece, together
with the Klobuchar model (Klobuchar, 1987b), and suggested a range from 350 km



to 500 km to be suitable for Greece. Similarly, Wang et al. (2016) employed the grid
method in the Chinese region to simulate the effective height of the ionosphere, and
found that the value ranges from 350 km to 500 km. These variations in results may
be associated with the differences in electrodynamics of different ionospheric regions
(Richmond, 2017; Chen et al., 2021).

The ionospheric regions, such as the equatorial and low latitude areas where East
Africa is located, present unique challenges due to several distinct phenomena (Ogwala
et al., 2022). The ionosphere over low latitudes (within the £30° latitude range)
exhibits unique characteristics compared to other latitudes due to the low inclination
of geomagnetic field lines, and the relatively higher amount of incident solar ionizing
radiation in this region (Abdu, 2016). The Equatorial Ionization Anomaly (EIA) is one
of the key features in this region, with two peaks of electron density approximately 15°
North and South of the magnetic equator, driven by the eastward electric field and the
fountain effect (Kelley, 2009). Other low latitude phenomena include, the equatorial
electrojet, that modifies the current systems of the ionosphere over the low latitude
regions (Reddy, 1989; Onwumechikli, 2019), equatorial Spread F (ESF) that involves
irregularities in electron density, typically occurring after sunset with the post-sunset
rise of the F region (Rao et al., 2006). These phenomena are associated to the changes
in altitude or the centroid of ionization mass distribution in low latitude regions, which
can cause high ionospheric perturbations that greatly modify its vertical structure
including effective height (Li et al., 2017; Tang et al., 2021). This implies that the
altitude for the peak electron density over East Africa, a low latitude region, could be
significantly different both spatially and temporally compared to other regions.

Most research on the effective height of the ionosphere in the low latitude regions
have been conducted in the Asian sector. These studies have shown that the values
of the effective height of the ionosphere over the low latitude region are distinct. For
example, Rao et al. (2006) investigated the effective height of the ionosphere for the
Indian low latitude region, and found the value in the range from 275 km to 570 km. In
another study in the low latitude region, Hu et al. (2014) focused on validating the peak
electron density (NmF2) and the peak height (hmF2) of the F2 region of the ionosphere
using data from the Constellation Observing System for Meteorology, Ionosphere &
Climate (COSMIC) satellite and a chain of ionosondes in China. They observed that
the effective height (hmF2) ranged from 250 km to 350 km. Li et al. (2017) found that
the optimal ionospheric effective height for the Chinese region ranges from 400 to 600
km. Additionally, some studies in the Asian sector used different values of ionospheric
effective height, e.g Cheng et al. (2021) used an effective height of 300 km around
Taiwan in their statistical study of medium-scale traveling ionospheric disturbances.
While these findings provide valuable insights, they may not be directly applicable



to the East African low-latitude region due to potential differences in ionospheric
conditions between Asia and Africa.

The ionosphere in the low latitude regions of Africa and Asia exhibits several key
differences. Geographically, Africa spans the geomagnetic equator, leading to more
pronounced Equatorial Tonization Anomaly (EIA) effects, whereas Asia’s geomagnetic
distribution is more complex due to its larger landmass and varying geomagnetic
declinations (Chen et al., 2008; Oyedokun et al., 2020). The ionospheric density,
especially electron density, tends to be higher in Africa due to strong solar radiation
and the EIA, leading to greater TEC values, whereas in Asia, electron density and
TEC variations are influenced by more complex geomagnetic structures and local

atmospheric conditions (Dugassa et al., 2020; Kayode et al., 2023).

However, for effective use of satellite technologies in the East African region for point to
point communication, surveillance, Navigation (in cars, mobile phones, Google maps,
Planes, Ship etc) and Mapping (for surveyors), the ionospheric errors on the GNSS
signal in positioning that can extend even up to 10 meters have to be minimised
(Doherty et al., 2003; Basu et al., 2002). This is done through fully characterising
the ionosphere that contributes a percentage of this error. One such aspect to be
characterised is the effective height of the ionosphere.

There are different values of ionospheric effective height being used in the different
models of the ionosphere. This affects the characterisation of ionospheric layers,
influencing the understanding of ionospheric behavior and its impact on communication
systems. Further more, when integrating or comparing results from different models,
discrepancies due to the varying effective heights can complicate analysis, highlighting
the need for consistent values over particular regions.

1.2 Problem Statement

The ionospheric effective height value of 350 km that is being used to convert sTEC
to vTEC in some analysis applications such as GPS-TEC analysis program, and some
models used to map TEC over the world may not be suitable for the East African

region.

1.3 Aim of the Study

To validate the value of 350 km effective height of the ionosphere for the low latitude
region of East Africa.

1.4 Objectives of the study

The objectives of the study were to:



(i) Estimate the effective height of the ionosphere for East Africa, a low latitude

region.

(ii) Determine the spatial and temporal variation of the ionospheric effective height

over the East African low latitude region.

(iii) Model the effective height of the ionosphere for the low latitude region of East
Africa.

1.5 Scope

The study focused on the ionospheric effective height, for the East African region. It
used data from ionosondes and GNSS receivers in the East African region collected in
2014, 2016, 2021, 2022 and 2024. For 2024, the data used was from January to April.

1.6 Significance

This study has provided a range of values of the ionospheric effective height suitable
for the East African region. This is useful in the region to refine ionospheric models,
improve space weather forecasting, allow for tailored regional studies, and provide a

basis for future augmentation system for East Africa.



Chapter 2: Theory and Literature Re-
view

2.1 Introduction

This section presents theoretical background concerning the ionosphere, its basic for-
mation and the relevant characteristics. The shell model, The ionosonde and the GPS
as the major instruments for the measurement of the ionospheric parameters. Total
Electron Content (Total Electron Content (TEC)) the indicator of the ionospheric
compositions and variation, the effect of the ionosphere on signals, and ionospheric

models.

2.2 The Ionosphere

The ionosphere which was initially termed as “Heaviside layer” by William Eccles
around 1910, and “Appleton layer” by Watson-Watt in about 1924, is the partially
ionized region of the Earth’s upper atmosphere, which covers a height of 50 km above
the Earth’s surface to about 1000 km and completely encircles the Earth (Henry
and Owen, 1969; Goodman, 2005; Griffiths, 2018). It is mainly caused by the Sun’s
Extreme Ultraviolet (EUV) and X-ray radiations, which ionize the neutral molecules
of the gas in a process known as photoionization (Shim, 2009). In the polar regions,
photoionization is supplemented by collision of the energetic particles with the neutral
molecules (Schunk and Nagy, 2009; Shim, 2009; Bagiya et al., 2009). A chemical
reaction then takes place between the ions created with the neutrals and the ions formed
by the ionisation process. The same ions also recombine with electrons and diffuse
latitudinal, or they are moved via neutral wind and electric fields due to magnetic field
of the Earth. This results into non uniform distribution of the ionosphere (Memarzadeh,
2009). The spatial coverage of the ionosphere has been categorised geographically and

geomagnetically into regions.

2.2.1 Geomagnetic Regions of The Ionosphere

The electron density profile of the ionosphere also depends greatly on the geomagnetic
latitude. Therefore, the ionosphere is divided into three broad latitudinal regions whose
properties and features differ greatly from each other (Shim, 2009). The regions are:
the high latitude (polar or Auroral) regions, Mid-latitude and Low latitude regions.

The Low Latitude Region

This is a region about 30° South or North of the magnetic equator. It is the region
containing the dip equator where the magnetic field lines of the Earth are horizontal and
therefore the magnetic drift together with plasma fountain, results in high variability of

the electron density, this makes modeling and characterizing ionosphere of this region
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Figure 2.1: Geomagnetic regions of the ionosphere (Memarzadeh, 2009).

complicated. Some studies have been carried out in this region especially in Asia and
American sector, with little in the African sector. Therefore, this study covers the low
latitude zone particularly for the East African sector that covers the area shown in
Figure 2.1.

Mid-Latitude Region

This region includes magnetic latitudes of the Earth from about 20° to 60° on both
sides of the geomagnetic equator. It is the region that is free from direct influence of
plasma fountain of the low latitude region, making it the best understood of all regions
(DasGupta et al., 2007). The mid latitude ionosphere is believed to be connected to the
inner magnetosphere that rotates with the Earth, and is therefore not much affected by
the external influence. According to Norsuzila et al. (2008), the day to day changes in
the ionosphere layers for mid latitude show regular variations, which is the reason why
most of the first ionospheric observations were made in it. The process of ionisation
depends on solar photon radiation and the electron density is not much affected by
particle radiation in general (Schunk and Nagy, 2009).



High-Latitude (polar) Regions

The region constitutes both auroral zone (approximately 60° -70° magnetic latitudes
of the Earth) and the polar cap (poleward of the auroral zone). At high latitudes,
magnetic field of the Earth are vertical making the ionosphere here a little complicated
(Memarzadeh, 2009). In addition, the vertical field lines in this region connect the
auroral regions with solar wind driven outer part of the magnetosphere. For this reason,
during a magnetic storm the charged particles flow along the geomagnetic field lines
and interact with ions and electrons in the ionosphere causing the aurora (Moldwin,
2008).

Similarly the ionosphere coverage in space is sub-divided into three regions: lower
or bottom-side ionosphere (50 km to about 90 km that consist of the D layer and
some E layer), the mid ionosphere (90 km to about 400 km having E and F layers),
and topside ionosphere ( 400 km to about 1000 km). These three regions contain the
electrons concentration of varying extent which constitute the different layers of the

ionosphere (Habarulema, 2010).

2.2.2 Ionospheric Layers

The lower and bottom-side layer contain highest concentration of electron density and
this varies slowly with altitude. The variation led to sub-division of these two regions
into ionospheric layers, namely: D, E, and F layers (Hunsucker and Hargreaves, 2003).
The layers are as a result of photoionization and they vary with time of the day, solar
activity and season (Goodman, 20053).

D- Layer

This is the lowest layer of the Earth’s ionosphere that covers about 60 to 90 km (taking
care of the C-layer that lies in the altitude of about 50 - 60 km caused by the galactic
cosmic rays) (Habarulema et al., 2013). It is where the heavy components of the
ionosphere dominate, such as the neutral molecular gases of N, and O, (DasGupta
et al., 2007). As the Sun’s radiation traverse the atmosphere, some components of the
radiation such as X-rays and Ultraviolet (UV) are absorbed in the upper atmosphere
during ionisation and the components that are able to go through all the layers play
a role in the D-region formation (Kelley, 2009). This makes the region to have a
low electron density compared to other regions by existing only during day time and
disappears at night (Liu et al., 2006). Important to note is that, the vertical profile
of the electron density in the D- layer does not have a typical maximum (Hunsucker
and Hargreaves, 2003). The molecules in the D-layer are more influenced by gravity
compared to those in the upper layers, and their free electrons re-attach easily to the
molecules accounting for its electron loss. Because it exhibits much lower electron
densities, then its contribution to the TEC within the ionosphere is negligible.



E- Layer

This is the second layer of the Earth’s ionosphere which extends from 90 km to about
120 km or 140 km depending on the equatorial, or mid-latitude, or polar regions of
the ionosphere. The molecular positive ions of the di- atomic gases, OF and NO,,
dominate the region (Komjathy, 1997). These ions can survive even at night compared
to that of the D- layer, making the E-region to be relatively stable than other regions
of the ionosphere, with a behaviour that is characterized by the solar zenith angle
and solar activity (Kelley, 2009; Goodman, 2005). The loss of ions in this region
is through direct dissociative recombination, and the rate of loss varies linearly to
the electron’ density, and that is why one can say that the E-region is created under
photochemical equilibrium, i.e ion disappearance rate is balanced by the ion production
rate ) (Memarzadeh, 2009).

F- Layer

This is the last layer as one tends toward the topside part of the ionosphere and covers
between 120 km and 400 km of altitude but can extend to altitudes as high as 500
km or more (Zhang et al., 2000). According to McNamara (1991), the formation of
the F-layer is majorly by ionizing atomic oxygen (O), a process described in Lyman
continuum or emission lines of helium (He). During the day, the F-layer is divided into
F; and F; especially at the equatorial region and during summer of the other regions.
The F) layer tends to have a peak of about 200 km and disappears in the ionosphere

mainly by a process known as dissociative recombination.

The F-layer has the longest life time as it can exist during the day with a very high
concentration of electrons even up to the order 106 cm™3 peaking at a height of about
450 km or more in the local noon and can survive even in the night (Hysell, 2020).
This makes it the most important layer for High Frequency (HF) propagation due to its
ability to reflect even slightly higher frequencies. The Fs-layer is the most variable and
the most irregular, bringing about the anomalies exhibited by the ionosphere (Millward
et al., 1996).

2.2.3 Ionospheric Anomalies

There are three common ionospheric anomalies, namely:

Diurnal Anomaly

This is when the maximum value of the Fy-layer occurs at other time of the day that
is not the local noon as it was earlier predicted by the Chapman theory (Goodman,
2005). The Earth-Sun geometry for a given day causes a variation in the amount of

ions produced. The maximum electron density is expected to occur at noon time when



the zenith angle of the Sun is about 0°. Similarly, the upper atmosphere temperature
tends to maximise around local noon where the ionospheric ion density is expected to
reach its maximum in the same time (Shim, 2009; Moldwin, 2008). However, there
are some days when the ionosphere exhibits a semidiurnal component producing two
maxima about the local noon, giving an appearance of a slight minimum at the local
noon commonly referred to as the midday "bite-out" (Saryo et al., 1989; Cherniak
et al., 2014).

Seasonal Anomaly

During certain solar periods, the value of the Fy-layer peak electron density that occurs
at local noon tends to be higher in winter than in summer, which is opposite of the
expected Chapman theory. This phenomenon is regarded as “seasonal anomaly” in the
Fy-layer. This seasonal anomaly is attributed to the fact that, the ratio between
the molecular components and atomic components at the Fs-layer changes. This
brings about the changes in recombination and ion production rate (Hunsucker and
Hargreaves, 2003; Hawk, 2001).

Equatorial Anomaly

Around the magnetic equator of the Earth, the magnetic field line is horizontal and
there is a day time eastward electric field and westward field during the night (Moeketsi
et al., 2005; Bagiya et al., 2009). The two orthogonal fields create an upward force
resulting into a plasma lift referred to as E x B drift. During this phenomenon,
the plasma around this region move upwards to a peak height and then later diffuse
downwards along magnetic field lines, to low altitudes on both sides of the Earth’s
magnetic equator by gravity and the plasma pressure gradient (Malik et al., 2010;
Bagiya et al., 2009). This creates a depletion of electron concentration around the
magnetic equator, and a concentration enhancement in two regions, found around
15° North or South of the magnetic equator, called EIA crests. This feature also
termed as Appleton anomaly has a unique and pronounced effect on the ionospheric
Fs-layer of low latitude due to the combination of higher altitude, strong and horizontal
geomagnetic fields, lower collision rates, and the high plasma density found at these
altitudes (Pavlov, 2008).

2.2.4 Tonospheric Variations

The variations of the ionosphere can be categorised into two; those that directly depend
on the Sun’s activity or its radiation intensity (regular variations), and those that
indirectly depend on the Sun (irregular variations) (MacDougall et al., 2009; Wang
et al., 2008).



2.2.4.1 Ionospheric Regular Variations

These are ionospheric variations that entirely depend on the Sun. They include:

Diurnal variation

This is the variation with the time of the day, where by, after local mid-night the
electron density is least, and the values rise gradually to a peak around the local noon
(highest ionisation by the Sun) after which it gradually falls to a minimum again after
mid-night (greatest recombination) (Rishbeth and Mendillo, 2001).

Solar activity variation

The ionosphere varies with solar activity, which is measured by the Sunspot numbers
and the solar radio flux index (F10.7). The Sunspot numbers exhibit 11-year solar
cycle, having a solar maximum and a solar minimum with very high electron density
and very low electron density, respectively.

Latitudinal variation

The continuous change in zenith angle of the Sun over different latitudes, leads to a
varying extent to the radiation intensity traversing the ionosphere of different latitudes.
This in turn causes a variation in electron production, where by ionization reduces
as one ascends the latitude during summer of each hemisphere (McNamara, 1991).
In general, the latitudinal variation of the ionosphere is influenced by four major
parameters: solar radiation, geomagnetic field effects, seasonal effects and ionospheric
disturbances (Chernigovskaya et al., 2021).

Seasonal variation

The Earth-Sun rotation brings about the Sun lying overhead a particular hemisphere
of the Earth (summer) at a particular time. This leaves the other hemisphere of the
Earth tilted away from the sun (winter). Winter in one hemisphere corresponds to
summer in the other. During the summer period, the peak value of electron density
is expected to be high, compared to the values during winter. However, in some cases
this may not be the case because of varying composition of neutrals bringing about the
seasonal anomaly (McNamara, 1991; Meggs et al., 2006). Similarly, when the Sun is
directly over the equator (equinox), there is near-equal distribution of solar radiation
across both hemispheres leading to increased ionization of the equatorial ionosphere.

2.2.4.2 Ionospheric Irregular Variations

These are random ionospheric variations that do not depend on the Sun directly.
The common ones include; sudden ionospheric disturbances, spread F, sporadic E and



ionospheric storms, or geomagnetic storms variation.

Geomagnetic storm variation

When a geomagnetic storm occurs, the ionospheric electron density is characterised by
either an increase (positive effect) or a decrease (negative effect), that may depend on
the strength of the storm, the latitude etc. A geomagnetic storm is the moment when
the Sun releases charged particles from its corona that move across geomagnetic field
generating new ionospheric current. The additional currents in the ionosphere create
another magnetic field within the ionosphere that keeps on varying (Moldwin, 2008).

Sporadic E

Sporadic E may be taken as clouds of plasma suspended within the E layer. It involves
random formation of varying electron concentration in the E region. This may lead to
E-layer reflecting frequencies meant for the F layer by the radiosonde. In low and mid-
latitudes, the phenomenon is common during day more especially in summer, whereas
for high latitudes, its common during the night. Sporadic E-layer may also be caused
by other atmospheric parameters such meteor showers, thunderstorms (Arras, 2010).
In addition, sporadic E-layers are also formed via the interaction between neutral wind
and magnetic field vectors, commonly referred to as V x B or “windshear" mechanism
(Whitehead, 1989).

Spread F

Ionospheric spread F is a night-time phenomenon predominantly in the F region of
equatorial and low-latitude regions and are more pronounced at equinoxes. It creates
irregularities that may be in the form of plasma bubbles, depletion, or blobs in the
ionosphere, causing the electron density to vary significantly over short distances. It
manifests by scattering of the radio wave or reflection of the waves. This event can
either be frequency spread or range spread (Davies, 1989; Whitehead, 1989). Some of
the studies attribute the mechanism of spread F to post-Sunset rise, where the rapid
recombination of ions in the lower ionosphere after Sunset leads to a steep vertical
gradient in electron density, known as the evening pre-reversal enhancement (PRE)
that triggers Rayleigh-Taylor instabilities, causing the formation of plasma bubbles
that rise through the ionosphere (Hysell, 2020). In addition, gravity waves and tides
in the lower atmosphere propagate upward and interact with the ionosphere, seeding
instabilities leading to spread F (Fritts et al., 2008).

Ionospheric variation significantly influences electromagnetic wave propagation by chang-
ing the density and distribution of ionized particles in the ionosphere (Quan et al.,
2021). These variations, caused by factors discussed in section 2.2.4 affect how elec-
tromagnetic waves, travel through the atmosphere. As the electron density in the



ionosphere fluctuates, the signals propagating can be refracted, reflected, absorbed,
or scattered. This can result in signal distortion, delay or enhance signal transmission
through the ionosphere. Conversely, the ionosphere can enable Electromagnetic signals

to reach by reflecting radio waves over longer distances (Davies, 1989).

2.2.5 Electromagnetic Wave Propagation in the Ionosphere

The ionosphere delays radio waves travelling through it by refraction and dispersion
(Yeh and Liu, 1982; Rino, 2011). In a similar way, GPS signals passing through the
ionosphere will suffer from dispersion. The delay a signal experiences in the ionosphere
and the phase advance can be put in perspective by discussing the magnetic and ionic
theory involved with ionospheric radio propagation. Edward Appleton and Douglas
Hartree in the early 1930’s described the medium of the ionosphere with a dispersion
equation of the refractive index g of the ionospheric medium (Davies, 1990b).
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i : A/ (-1)
w : Propagating wave angular frequency,
wp, : Angular frequency of plasma,
wp : Gyro frequency of electron, wp = %‘3
wyx : Longitudinal component of wg ,
wy : Transverse component of wg,
We Angular frequency of collision between heavier particles and electrons ,
0 :  Angle between geomagnetic field and wave propagation direction,
B Magnetic flux density

At high frequencies, the angular frequency due to collision were ignored, i.e. w, = 0,
making the T term to vanish (Davies, 1990b);
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Expanding Equation 2.2 into the fourth inverse frequency power (Komjathy, 1997)
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According to Komjathy (1997), the 2" and 4*" terms depend on frequency and maxi-
mum electron density, whereas the 3" and 5" terms depend on magnetic flux density of
the Earth, electron density and frequency. Considering a wave moving at right angles
to the magnetic field B, equation above reduces to (Komjathy, 1997);
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The electromagnetic wave that is plane polarised is therefore divided into ordinary and

extraordinary waves as represented by the following expressions

Ordinary wave: p =1 - e ~ R
(st ) - (o)
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The profile of the propagated wave without the influence of magnetic field is ap-
proximated by the ordinary wave (Chen, 1984). Therefore ignoring the effects of the
magnetic field and considering the refractive index p, as complex (pu = n+ix) (Langley,
2000; Langley et al., 2002), then both the ordinary and extraordinary wave expressions
become the same:

pr=m+ix)*=21-R

However, for a wave to propagate, then the the refractive index of the medium must

be real, thus considering only the real part, the expression becomes

n*=1-R or n%(l—R)%

By applying Binomial expansion and ignoring terms of R with higher powers

Where
wp: is the angular frequency of plasma given by: wp = 27 f, or wf, = %‘5—,,2

w: is the radio wave angular frequency given by w = 27 f
Therefore, at frequency f the refractive index n, is given by
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where N, is electron density (per m3), m rest mass of electron (9.11 x 1073'), e electron

charge (—1.602 x 1071°C) and ¢, the permittivity of free space.



Substituting the above values in Equation 2.6, the refractive index of the phase advance

reduces to
1 40.28N,

12
According to Komjathy (1997), the Appleton-Hartree magneto-ionic theory is applica-

(2.7)

g =

ble under the following assumptions:

(i) The mass of electron is less than the mass of ion implying that positive ions may

have no effect on radio waves
(ii) The electrons in the ionosphere are oscillating with angular frequency f.

(iii) The ionosphere being the medium of propagation of electromagnetic wave is

electrically neutral.

According to Langley (2000), expressing group refractive index n, in terms of the phase

refractive index n, gives:
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Putting Equation 2.7 in Equation 2.8, the group refractive index reduces to

g =ng+ f df (2.8)

40.28N,
g =1+ T

From equations 2.7 and 2.9, it can be shown that the group and phase velocities, V,

(2.9)

n

and V,, respectively, of the electromagnetic wave in the ionosphere depend only on its
frequency (f) and electron density (N,). i.e
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2.3 Ionospheric Instrumentation

The state of the ionosphere is observed and monitored by a number of instruments.
Among these include: ionosondes, GNSS receivers, Incoherent scatter radars, Langmuir
probes, Faraday rotation monitors, Radio occultation etc.

2.3.1 Ionosondes

Ionosondes are high frequency, vertically sounding radars that transmit radio waves
vertically upwards above its antenna at different frequencies, ranging from about 0.1
to 30 MHz. The different frequencies of the signal are each reflected by the respective
plasma density regions, whose echoes are detected by the receiver antenna installed

within the same area. Ionosondes are of two types: the ionosonde that employs pulse



and the chirp ionosonde. The pulse ionosondes transmit strong pulses of approximately
100us at a strong peak power of about 1 - 30 KW, that gives peaks as output in the
time domain. On the other hand chirp ionosondes transmit a weak pulse of 0.5 - 1
seconds at a lower peak power (10 - 100 W), having peaks as outputs instead in the
frequency domain (Davies, 1989).

Two ionosondes installed at the East African region by US DoD in collaboration with
Boston college are special pulse type, known as Vertical Incidence Pulsed Ionospheric
Radar (VIPIR), with unique features such as: very high interference immunity (IP3 >
40 dBm); High dynamic range of 115(1) + 30(V)dB; direct RF sampling of 14 bits at
80 MHz; fully digital conversion, receiver and exciter; wave form agility of 2 us to 2ms
pulse width; 8 coherent receiver channels of frequency range 0.3 - 25 MHz; 4 KW class
AB amplifier of 3" harmonic (< -30 dBc) and an open source C code Radar software
running under Linux (Habarulema, 2010).

The principle of operation of the ionosondes are based on the fact that plasma is a
dispersive medium. According to Reinisch et al. (2005), the refractive index of the
dispersive medium depends on the sounding frequency (f) and electron density N..

WP=1-x (%) (2.11)

The waves will not pass across the medium if the critical frequency of the radio waves
(fo) reaches the same value with the plasma frequency ( f,) where p = 0. This makes
Equation (2.11) to become (Davies, 1990b).

f2 = kN, (2.12)

where by ¢, is permittivity of free space, e is electron charge, m is mass of electron.
and & = (75 ) =805

dme,m

The altitude from which the radiowaves are reflected is estimated by determining the
virtual distance vertically, h!, covered by the wave if it were continuing with the speed
of light ¢ in the ionized region for a time of flight =

h1=%—=0/%=/udh (2.13)

where u is the group speed and p, the refractive index of the medium, and the factor
2 caters for the fact that the pulse traverses the distance h! twice (Davies, 1989).
The signal echoes recorded by the receiver form a frequency dependent characteristic
pattern of “traces” referred to as ionogram. It is a graph of vertical height against
frequency, for example the Figure 2.2 shown
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Figure 2.2: Sample ionogram from Addis Ababa, Ethiopia for 29" July 2014 at 09:00:06
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From Figure 2.2 of the ionogram, two traces are seen. The red trace representing
the ordinary (O) wave and the green trace representing the extraordinary (X) wave.
The two traces arise due to the effect known as magneto-ionic splitting where, the
transmitted pulses propagate in two different ways by the influence of the Earth’s
magnetic field on propagation through the ionised plasma (Chen et al., 2013). The
vertical asymptotes in the ionogram for these traces represent the critical frequencies
foF2 for the O-wave and fxF2 for the X-wave (McNamara, 1991; Chen et al., 2013).

2.3.2 Global Navigation Satellite System

Global Navigation Satellite System (GNSS) is a network of satellites orbiting the
Earth each broadcasting its location in space and time to ground control stations and
receivers such that their ground positions are calculated by a technique of trilateration
(Moldwin, 2008). It is any satellite constellation that provides positioning, navigation,
and timing (PNT) services on a global or regional basis. So far the most prevalent GNSS
constellation in the global system are two in full operation; the Global Positioning
System (GPS) of United states with 33 satellites and GLObalnaya NAvigatsionnaya
Sputnikovaya Sistema (GLONASS) of the Russian Federation with 29 satellites. In
addition to the two, there are other global and regional systems under development,
Globally for example there is: European satellite navigation system (Galileo) of Europe
with 26 satellites and COMPASS or BeiDou Navigation Satellite System (BDS) of
China with 27 satellites. Regionally, there is Indian Regional Navigation Satellite
System (IRNSS) with 7 satellites and Quasi-Zenith Satellite System (QZSS) of Japan
with 6 satellites. When all these come into full operation, there will be more precision

for the users.



GNSS are now used in various fields such as: scientific research, precision agricul-
ture, positioning, navigation and timing (PNT), mining, law enforcement, emergency
response, land surveying, space stations, rail transport, aviation, finance, maritime
etc. It is also useful in controlling computer networks, air traffic, power grids etc. In
scientific research, the most commonly used so far is the GPS because it was the first
GNSS of its kind.

2.4 Global Positioning System

GPS is a network of 24 satellites at a given time spread over six orbital planes that are
inclined at an angle of about 55° to Earth’s horizontal at an altitude of about 20,200
km (Moldwin, 2008). The six planes are such that a receiver on the surface of Earth
can view at least four satellites at a time. So far there are five generations of GPS
satellites since the first one was launched in 1978.

The system of GPS contains three segments namely: the space segment (containing
the satellites), the ground segment (control stations), and the user segment (civilians
and military). Accurate position anytime, anywhere is provided by the interaction
between these three segments. The GPS satellite and receiver have inbuilt clocks
that measure the time a signal is sent and received respectively, so that the time
of travel of a signal (satellite - receiver) is got from the difference between the two.
The distance of a receiver is then obtained by multiplying the travel time with the
vacuum speed of electromagnetic wave, ¢c. This implies that any delay in the travel
time will automatically cause an error in the position calculated, making the GPS
primary purpose null (Pretab and Enge, 2006; Moldwin, 2008).

There are two main services from the GPS network: Standard Positioning Service (SPS)
for civilian use, such as scientific research, surveying, precision agriculture, etc; and
the Precise Positioning Service (PPS) for the military and other authorised users. All
these are achieved from the current three signals that may be sent by a satellite: L1
having carrier frequency of 1575.42 MHz, L2 of frequency 1227.60 MHz and L5 having
a frequency of 1176.45 MHz. The L5 signal is still limited to only precise positioning
service while the SPS single frequency receivers are able to pick only the L1, and its
dual frequency receivers can receive both L1 and L2. In addition to restricting L5
signal, the SPS users cannot still have access to the full capabilities of GPS through
a mechanism known as Anti-Spoofing (AS). Anti-Spoofing is done by encrypting the
two codes; Precision (P) code and Coarse/Acquisition (C/A) code, by the most precise
P-code broadcasted on both L1 and L2 to Y-code which can only be used by authorised
users (Pretab and Enge, 2006). Both L1 and L2 have the P-code but the C/A-code is
restricted to only the L1 carrier frequency.



However, all the above may be affected by errors such as: satellite receiver clock error
(due to the gradual drift of the clocks); atmospheric error (the space through which
these signal pass are not homogeneous); multipath errors (due to multiple reflections
of the signals by the surface objects like tall buildings before they reach a receiver);
jamming (the signals interacting with other radio signals or electromagnetic radiations
on their way to the Earth). Several techniques have been employed to try to eliminate
these errors. First, GPS receivers are modified such that they can receive corrections
from a second receiver at a known location. These modified receivers are known
as differential GPS (DGPS). The second receivers are the base stations that cover
relatively wide areas for augmentation. In America it is the Wide Area Augmentation
System (WAAS), European Geo-stationary Navigation Overlay Service (EGNOS) for
Europe, MTSAT Satellite-based Augmentation System (MSAS) for Japan, there is
GPS Aided Geo-Augmentation Navigation (GAGAN) in India, System for Differential
Corrections and Monitoring (SDCM) for Russian GLONASS. Nothing yet is established
for Africa.

2.5 Total Electron Content

TEC is a parameter that describes the state of the Earth’s ionosphere. TEC is the
total number of electrons integrated from the satellite to the receiver, along a column
of one square meter cross section, i.e., the electron columnar number density or the
integral number of electrons along the column of one square meter path of a signal
from the satellite to the receiver. It is often reported in multiples of Total Electron
Content unit (TECu), where 1”TECu=10'® electrons per square meter.

receiver

mathrmTEC =f N.dl TECu
satellite

Effects like advance of the phase and Doppler shift of a carrier, Faraday rotation of
polarization and refraction of wave direction by wedge, group retardation and time
delay of a modulation. All these depend on the total number of electrons along the ray
path through the ionized atmosphere.

The TEC has a minima and maxima occurring approximately late in the night (before
dawn) and mid-afternoon respectively on a quiet day (Garner et al., 2008). During
the night, TEC gradually die off because of recombination of electrons and ions. TEC
attains its maximum usually in the early afternoon and its minimum around midnight
(Adewale et al., 2008; Habarulema, 2010; D’ujanga et al., 2013; Oron et al., 2013; Opio
et al., 2015).



2.5.1 Measurement of Total Electron Content

Different techniques have been employed for decades to measure TEC experimentally.
Much as few satellites have been built for this very purpose, radio signals from satellites
that were launched for another purposes have made it possible for one to estimate TEC
(Norsuzila et al., 2008; Kersley et al., 2004).

At first, the satellite that was launched for communication was used to estimate TEC
by determining the polarization rotation of VHF signal coming from it. Later on
signals from the various satellite navigation and positioning systems were exploited.
For example: Naval Navigation Satellite System (NNSS) and now the GPS. Currently
there is much information about TEC basing on the data that has been collected over a
long period of time worldwide (Gao and Liu, 2002). In a related development, models
yielding TEC have been employed regionally and globally including maps that are now
routinely available on the Internet for TEC.

2.5.1.1 TEC From GNSS

Total Electron Content from GNSS can be measured from both single frequency re-
ceivers, such as the Differential GNSS, and the dual frequency receivers. However,
TEC from dual frequency GNSS receivers are preferred over that from single frequency
because dual frequency is capable of compensating for the ionospheric errors. The
measurement composition of a dual frequency GNSS receiver are code-delay and carrier
phase on L1 and L2 frequencies from the satellite. According to Gao and Liu (2002);
Kersley et al. (2004), these can be expressed mathematically as:

Py = R+ c(dTs — dT}) + e, + dy + k2 D + dp, — Bp, +€(P,)

P, = R+ c(dT, — dT,) + e, + d; + k1D + dp, — Bp, +¢(F})
®, = R+ c(dT, — dT,) + M Ny + e, + diy — koD + b, — Bas, + (P,)
®y = R+ c(dTs — dT;) + AaN2 + €, + di — k1D + bs, — Ba, + £(Py),

(2.14)

where:



P; Pseudorange measured on L; (m) forj=1,2

P; Carrier phase measured on L; (m)

R Range between the satellite and the receiver (m)

¢ . speed of light (ms™!)

dT, . Clock error of the satellite with respect to GPS time (s),
dT, Clock error of the receiver with respect to GPS time (s),
Aj GPS signal wavelength measured on L; (m),

N; Carrier phase integer ambiguity,

d, Delay from the troposphere (m),

D Delay parameter of the ionosphere (m),

d, Orbit error of satellite (m),

d Hardware delays of satellite (m)

B : Hardware delays of receiver (m)

e(®;) : Pseudorange Noise measurement and multipath (m)
e(P;) : Carrier phase measurement noises (m).

Setting the pseudorange and carrier phase observations as a linear combination at the

two frequencies gives.
AP=PF, - P,

(2.15)
AP =P, — P,
Substituting equations 2.15 into equation 2.14 gives
AP =dD +d, - B, +¢(R,) — e(F,) (2.16)

AD =dD + AN +ds — By +e(Pp) — €(P,)

where
dD = D(ky) — k»): is delay in the ionosphere
d, = d,, —d,,: is the differential satellite delay for carrier phase
de = dg, — da,: is the differential satellite delay for pseudorange

Bp = Bp, — Bp,: is the differential receiver delay for carrier phase observation
Bs = By, — Bsg,: s the differential receiver delay for pseudorange observations
/\N = /\2N2 = A]Nl

The sTEC can then be estimated from the Equation 2.16 as

_ 11
AP =103 (% 73) sTEC, _—
A® =403 (% - 71,) sTECs
2 1

This slant TEC obtained from the differential pseudorange and differential carrier phase
is given by: -
sTECp = 4243 %23 AP (2.18)
sTECy = 53 E‘_—f,? AP
The TEC values estimated using the procedures explained above are not exact. They
are affected by different types of errors. The TEC from pseudorange contain high



level of noise compared to that of carrier phase measurement. To minimize the noise
effect, we smoothen the pseudorange data using a carrier phase measurement technique

known as carrier phase leveling:

n

B J Z [(APyi — APyi) — (A®yi — Adyi)]*

i=1

where n is the phase-connected arc number of measurements for a given receiver and
satellite (Mannucci et al., 1998).

2.5.1.2 TEC From Ionosonde

Ionosondes are useful in mainly characterising the profile of the ionosphere from the
bottom-side to reveal the peak electron density and height (M.Stankov et al., 2010).
This is all possible after extracting the important ionosonde parameters such as the E
layer critical frequency (foE), F2 layer critical frequency (foF2) that helps to calculate
the F2 layer peak height (hmF2), and the propagation factor (M3000F2 ). Ionosondes
on the ground can measure electron concentration N(h) only up to the peak of the
F2 layer. They cannot provide direct information on the top-side ionosphere. To
determine TEC from the ionosonde called Ionosonde Total Electron Content (ITEC))
from ionograms, the topside electron density Nz is modeled using all information
contained in the measured bottom-side profile (McKinnell et al., 2007). i.e

oc

ITEC = / " N(h)dh + f N (h)dh (2.19)
JO 2

m

2.6 Swarm Satellite Mission

Swarm Satellite is the 5 mission of the European Space Agency (ESA), launched on

990d November 2013 (Verhoeven et al., 2011). During the launch, the three satellites
named Swarm Alpha, Bravo and Charlie (abbreviated to Swarm A, B and C) were put
together on the same rocket and sent to an altitude of about 500 km height (van den
IJssel et al., 2015). They were later separated to different orbits where, Swarm A
and Swarm C dropped to 450 km altitude while the third satellite (Swarm B) was
raised to 530 km (Wood et al., 2022). The satellites are orbiting the Earth in a
polar configuration, allowing them to survey almost the entire planet with a mission
to measure the strength and direction of Earth’s magnetic field with unprecedented
precision. The angle between the orbital planes of the upper and lower satellites was
very small and started increasing gradually and by 2015, it was at 90° to each other.
This allows the entire Earth to be sampled more quickly and the sources of the magnetic
fields to be identified more accurately (van den IJssel et al., 2015).



2.6.1 Swarm Satellite Instrumentation and Measurements
2.6.1.1 Instrumentation

The body of a Swarm satellite is nine meters long and is covered in solar panels, with a
four-meter boom holding sensitive magnetic field measuring instruments, positioned to
minimize electrical and magnetic interference (Pastena et al., 2020). Two instruments
are dedicated to measure the magnetic field: one at the end of the boom, the scalar
device that measures the strength of the magnetic field, while the other is a vector
sensor, positioned in the middle of the boom, measures the field’s direction. The
vector sensor uses star cameras to ensure accurate satellite orientation (Pastena et al.,
2020; van den LJssel et al., 2015). Other different payloads are positioned on the vehicle
as shown in Figure 2.3.

Absolute Scalar Magnetometer Deployable boom Solar panels GPS antennas S-Band antenna

- Startracker assembly Laser retroreflector
o Optical bench Accelerometer (inside)
Vector Field Magnetometer Coarse Earth & Sun sensar 5-Band antenna

Figure 2.3: Side-view of instrumentation on the Swarm satellites. The satellite flies with the
boom trailing at the rear (Copyright of ESA).

2.6.1.2 The Langmuir Probes of the SWARM Electric Field Instrument

The Electric Field Instrument of swarm satellite is equipped with two Langmuir probes
(LPs), consisting of solid titanium spheres, 8 mm in diameter, mounted on rods that
are 8 cm long (Buchert et al., 2015; Knudsen et al., 2017). These rods are mounted
on the satellite and protrude in the direction of Earth at the front. The probes
generally function in harmonic mode, where a bias voltage is applied and modulated
in a sinusoidal pattern, or "rippled," at a frequency of 125 Hz over intervals of 79-112
ms (Buchert et al., 2015). The onboard measurement yields the average current, 7,
over this duration, along with the mean derivative g;‘;, which reflects admittance. To
determine the plasma density N, periods with a rippled negative bias are employed,
leading to the current to the probe being primarily carried by ions. Both ¢ and the
real component of % are proportional to N, on assumption of quasi-neutrality. The
proportionality factor relies on the probe’s known cross-section and the velocity of the
ions. Assuming that the ions are exclusively O™, thermal ion effects can be disregarded.
The satellites travel along their orbit at a high speed, approximately 2.06 kilometers
per second, which is considerably faster than typical plasma convection speeds, except
possibly during periods of intense convection at high latitudes. As a result, the orbital



speeds of the satellites serve as a reasonable approximation for the ion velocities.

The ion current and admittance are recorded for 79 ms at a frequency of 2 Hz. During
the intervals outside these periods, the mean bias is adjusted to measure the electron
current using the previously mentioned ripple technique, which is used to estimate the
temperature of the electron and the electric potential of the spacecraft. Between the
two probes, one is consistently set to high gain, while the other is set to low gain. The
high gain measurements are used to capture the (weaker) ion current.

2.6.1.3 The GNSS Receivers of Swarm

The Swarm satellites are equipped with upward-facing embedded dual-frequency GNSS
receivers, allowing Precise Orbit Determination (POD) with location precision within

a few centimeters.

2.6.2 Swarm Measurements

Swarm measure the magnetic field, electric field and ionospheric parameters. The
magnetic field measured by the satellite originates from four main sources: the Earth’s
core (generating the main field), magnetic rocks in the Earth’s crust, the ionosphere in
the upper atmosphere, and the interaction between the Earth’s magnetic field and
the Sun’s magnetic field (magnetosphere) (Friis-Christensen et al., 2006). One of
the ionospheric parameters measured by swarm is the TEC using the same steps as
described in subsection 2.5.1.1. All the data collected by these satellites are processed
by the British Geological Survey (BGS) and is stored in the database of ESA. The
archived data are of two types. i.e level-1b and level 2 products (Fan et al., 2022).

2.6.2.1 Level-1b products

Swarm’s Level-1b data products consist of time-series data that have been quality-
checked, calibrated, and corrected. It is presented in standard physical SI units within
geo-referenced coordinate systems. These products are generated separately for each
of the three satellites each day. Each product includes all available data for the given
day, from 00:00 to 23:59 UT. An example illustrating the convention naming of the
files of Swarm Level-1b 1 Hz magnetic product MAGx LR from 23th February 2013 is
given in Figure 2.4. In every epoch, the data has three different products, Ephemeris
products, magnetic products, and plasma products as shown in Table 2.1.

The various Level-1b data products listed in Table 2.1 comprise: Ephemeris Products,
which are generated from data collected by the GNSS receiver; Magnetic Products,
which include measurements from the two magnetometers; and Plasma Products, which
feature data from the Thermal Ion Imager and Langmuir probe (TIIL). Most Level-1b
products are available in the Common Data Format (CDF), a file format designed for
time series data storage. However, GNSS receiver data are provided in RINEX and



SW_OPER_MAGA_LR_1B_20130223T000000_20130223T235959_0002_MDR_MAG_LR.cdf

v . e g
Tibtyee L
File Class: File L Record type:
OPERation version (depends on
Valid to: product)
Mission: Valid from: yyyymmddThhmmss
SWarm yyyymmddThhmmss

Figure 2.4: Example illustrating the filename of the Swarm-A Level-1b low-rate magnetic
product MAGx LR from 238 February 2013 (Olsen et al., 2013).

Table 2.1: Swarm Level-1b products. The ‘4” in the product type is a placcholder for “A”,
“B” or “C” indicating the satellite. (Olsen et al., 2013)

Ephemeris products

Type Descriptive Name | format Contents
GPSi_RO | RINEX Observations | RINEX 3,0 | Processed and corrected data from the GPS receiver, 0.1
Hz sampling
GPSi_RN | RINEX Navigation | RINEX 3.0 | GPS navigation data from the GPS receiver
data
GPSIiNAV | Navigation solution SP3 Position and velocity from on-board GPS receiver navi-
gational solution 1 Hz sampling
MADi_SC | Medium precision or- | SP3 Position and velocity from automated, medium-
bit determination precision orbit determination based on GPSx_RO data
1 Hz sampling
STRIATT | Attitude CDF Processed and corrected attitude information of the
spacecraft rame from the star Tracker, 1 Hz sampling
ACCi_PR | Non gravitational ac- | CDF Pre-processed linear and angular non-gravitational ac-
celeration celeration measurements from the accelerometer, 1 Hz
sampling,.
Magnetic products
MAGi_LR | Low rate (1Hz) Mag- | CDF Calibrated and corrected magnetic vector and scaler
netic data measurements interpolated to UTC seconds and pro-
vided in VFM sensor as well as in NEC frame.
MAGi_HR | High rate (50 Hz) | CDF Calibrated and corrected magnetic vector measure-
magnetic data ments, provided in VFM sensor as well as in NEC frame
MAGi_CA | Magnetic calibration | CDF Magnetic scaler calibration data for long-term VFM
data analysis
Plasma products
EFLi_PL | plasma data CDF Processed and corrected plasma measurements from the
EFI instruments including electric field vector, plasma
density, plasma electron and ion temperature, 2 Hz
sampling.
LPi_CA Langmuir probe cali- | CDF Offset determination mode data and corresponding es-
bration data timated calibration parameters
TILi_CA | Thermal ion imagery | CDF Daily calibration parameters used for monitoring and
calibration data optimisation of the TII instrument performance.

SP3 formats, as is standard for this type of information.

Arguably the most significant Level-1b product, MAGx LR (where "x" represents

"A," "B," or "C" to indicate the respective satellite), provides 1 Hz time series data
with magnetic field observations from each of the three satellites. A more detailed
description of the product’s contents can be found in Table 2.2. Along with time and
position data, it includes the magnetic scalar intensity F and the three components of
the magnetic vector.



Table 2.2: Content of Swarm Level-1b Product MAGx LR.

Element Contents Units
Timestamp Time of observation CDF_EPOCH
SyncStatus Time reference information —
Latitude Latitude of observation in the International Terrestrial Reference Frame (ITRF) degree
Longitude Longitude of observation in the ITRF degree
Radius Radius of observation in [TRF m
F Magnetic field intensity nT
dF_AOCS Magnetic stray field correction intensity related to attitude control magneto-torquers nT
dF.other Magnetic stray field correction intensity of all other sources nT
F.error Error estimate on magnetic ficld intensity nT
B.VFM Magnetic field vector in the instrument frame of the VFM magnetometer nT
B_NEC Magnetic field vector in the NEC (North, East, Center) [rame nT
dB.AOCS Magnetic stray field correction vector related to attitude control magneto-lorquers nT
(in VFM frame)
dB.other Magnetic stray field correction vector of all other sources (in VFM frame) nT
B.error Error estimates on magnetic field vector Bypy (in VFM frame) nT
gNEC.CRF Rotation from NEC frame to STR Common Reference Frame (CRF), —
quaternion (NEC « CRF)
Att_error Error estimate on attitude information degree/10°
Flags.F Flags characterizing the magnetic field intensity measurement: spikes or gap in data, discrep- —
ancy between ASM and VFM, etc.
Flags.B Flags characterizing the magnetic field vector measurement Bygy and Bugc: spikes or gapin -
data, discrepancy between ASM and VFM, elc.
Flags.g Flags characterizing the attitude information: identification of active heads, blinding. etc. —
Flags.Platform Flags characterizing the spacecraft platform information: thruster activation, lack of telemetry, s
elc.
ASM_Freg.Dev ASM reference frequency calibration data deviation for ASM stability assessment Hz'2

2.6.2.2 Level 2 products

Swarm Level-2 data products are the processed and corrected outputs from each of
the three Swarm satellites, presented in a standardized format. There are two types of
Level-2 products, referred to as Cat-1 and Cat-2 products, depending on the complexity
of the processing involved. Cat-1 data processing utilizes advanced algorithms to
produce Level-2 products that characterize specific sources of the Earth’s magnetic
field, such as the lithosphere field or time series of the large-scale magnetospheric
signal. Cat-1 products are generated by the Swarm Core Algorithm Research Facility
(SCARF), as the processing requires specialized scientific expertise.

On the other hand, Cat-2 product processing is less complex. These products are
generated daily by ESA in the Swarm Swarm Processing and Data Archiving Ground
Segment (PDGS) using algorithms developed by SCARF. This automated processing
allows for quick product releases with minimal delays. Cat-2 products are designed for
near-real-time applications, with processing delays of under one hour, making them
ideal for purposes such as space weather monitoring. Table 2.3 provides an overview
of the Level-2 products. Lastly, all Level-2 products undergo validation through inter-
product comparisons and comparisons with independent data, with further details



Table 2.3: Content of Swarm Level-1b Product MAGx LR.

Science Objective Name Format Description
(needed for Level-1b pro- MSW_EUL._2. ASCI Time series of Euler angles describing transformation from STR-CRF to
cessing) VM frame for all three Swarm satellites (3 x 3 Euler angles)
Core field MCO.SHA.2. ASCIHI Spherical harmonic model of the core field and its temporal variation
Lithospheric field MLI_SHA 2. ASCHI Spherical harmonic model of the lithospheric field
Electrical conductivity of MIN_1DM.2. ASCHI 1D model of mantle conductivity
the mantle MIN_3DM.2. ASCH 3D model of mantle conductivity
MCR.1DM.2_ ASCII ID C-responses
MCR-3DM.2. ASCII 3D C-response maps
External current systems MMA_SHA.2. CDF Spherical harmonic model of the large-scale magnetospheric field and its
Earth-induced counterpart
MIO.SHA.2. ASCII Spherical harmonic model of the daily geomagnetic variation at middle
latitudes (Sq) and low latitudes (EET)
Precise Orbit Determina- SP3xCOM.2. SP3 Time series of position and velocity of the center of mass for satellite x
tion (POD) (x = A, BorC)
ACCxCAL.2. CDF Accelerometer calibration parameters for satellite x
ACCxPOD_2. CDF Time series of non-gravitational accelerations estimated for satellite x
Magnetic Forcing of the ACCx.AE.2. CDF Time series of calibrated and pre-processed accelerometer observations and
Upper Atmosphere of aerodynamic accelerations for satellite x
DNSxWND.2. CDF Time series of neutral thermospheric density and wind speed for satellite x
Earth environment and IBIXTMS_2F CDF Tonospheric bubble index for satellite x
Space-Weather TECXTMS_2F CDF Time series of the ionospheric total electron content for satellite x
(Cat-2 products) FAC.TMS.2F CDF Time series of field-aligned currents determined from combination of
Swarm A and Swarm B
FACXTMS.2F CDF Time series of field-aligned currents (single-satellite solution) for satellite x
EEFXTMS_2F CDF Equatorial Electric Field for satellite x

available in Beggan et al. (2013).

2.6.2.3 Level 2 -TEC

TEC measured by GNSS receivers on Swarm satellites follow the same processes as
described in section 2.5.1.1, and the final processed TEC presented as level 2 TEC
(L2-TEC). L2-TEC data provide the integrated electron density along the line of sight
from the Swarm satellites to the GNSS satellites. The highest frequency for L2-TEC
data is 1 Hz, which is lower than that of the Swarm Level-1b (L1b) electron density
data. However, since a single Swarm satellite can communicate simultaneously with
multiple GNSS satellites, there can be several STEC data points for a specific universal
time (UT). Due to the broad spatial coverage at a given UT, the L2-TEC data can
serve as valuable input for global ionospheric assimilation, which aims to define three-
dimensional electron density structures.

One data file of L2-TEC (TECxTMS_2F), is produced each single day and per each
of the three swarm satellites (where "x" represents "A," "B," or "C" to indicate the
respective satellite). An L2-TEC file is generated only when all of the following input
files are present:



Table 2.4: The list of variables in the L2-TEC data product.
Variable name Description Unit
Timestamp Time stamps in Universal Time edf epoch
Latitude Geographic latitude of the Swarm satellite degree
Longitude Geographic longitude of the Swarm satellite degree
Radius Distance of the Swarm satellite from the Earth’s center m
GPS-Position X-. Y-, Z-coordinates of the GNSS satellite used for STEC | m
calculation
LEO-Position X-. Y-, Z-coordinates of the Swarm satellite used for STEC | m
calculation
PRN Pseudo-Random Number (PRN) identifier of the GNSS satel- | no unit
lite used for STEC calculation
L1 (GNSS LI carrier phase ohservation m
L2 GNSS L2 carrier phase ohservation m
P1 GNSS P1 carrier phase observation m
P2 GNSS P2 carrier phase observation m
S1 GNSS signal-to-noise ratio or raw signal strength on L1 no unit
52 GNSS signal-to-noise ratio or raw signal strength on L2 no unit
Absolute-STEC Absolute slant TEC TECU
Absolute-VTEC Absolute vertical TEC TECU
Elevation-Angle Elevation angle degree
Relative-STEC Relative slant TEC TECU
Relative-STEC-RMS Root mean square error of relative slant TEC TECU
DCB GNSS receiver differential code bias TECU
DCB-Error Error in the GNSS receiver differential code bias TECU

(i) GNSS RINEX observation files (GPSA_RO_1B, GPSB_RO_1B, or GPSC_RO_1E
(ii) Swarm ephemerids (MODA_SC_1B, MODB_SC_1B, or MODC_SC_1B).
(iii) GNSS satellite ephemerids (AUX_GPSEPH), and
(iv) Differential code bias of GNSS satellite transmitters (AUX_DCB_2F).

The frequency of the L2-TEC data for any of the three satellites varies: it began at
0.1 Hz at the start of the mission and was increased to 1 Hz in July 2014. Table 2.4
lists the variables included in the L2-TEC data product. The elevation angle of the
GNSS satellites as observed from Swarm can be calculated using the position of the
two satellites (swarm and GNSS).



2.7 Ionospheric Models

There are three different types of ionospheric models. These are Physics-based models,

Empirical (or semi-empirical) models and data assimilation models.

2.7.1 Physics Based Models

These are models that involves the conservation of physical parameter such as con-
tinuity, momentum, energy etec, using an equations solved numerically as a function
of spatial and time coordinates to calculate plasma densities, temperatures and flow
velocities (Bellan, 2008; Ho et al., 2018). The model utilises the physics and chemistry
for completeness where quality inputs of atmospheric, solar, and geomagnetic vari-
ables are fed for accuracy. Physics based models are tools that can comprehend the
physical and chemical processes of the environment above the Earth’s surface. Exam-
ples include: Thermosphere-Ionosphere-Electrodynamics General Circulation Model,
Coupled Thermosphere Ionosphere Model, Utah State University-Time Dependent
Tonospheric Model, and Semi-Analytical Model of the Ionosphere.

2.7.1.1 Thermosphere-Ionosphere-Electrodynamics General Circulation Mode

The Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM)
is a global 3-D numerical model developed at the National Center for Atmospheric
Research High-Altitude Observatory (NCAR-HAQO). It can simulate the coupling
between the systems of the ionosphere and the thermosphere ranging from about 97 km
to 600 km (MacQueen et al., 1980; Orrall et al., 2005). The model solves fully a series of
thermodynamic, hydrodynamic, nonlinear and continuity equations consistently. Some
of the continuity equations solved include: the ion continuity equation, neutral wind
dynamo, continuity equations of the neutral gas, the ion and electron energy and
momentum equations. The model can be accessed freely or on request from NASA’s
modeling center, Community Coordinated Modeling Center (CCMC).

2.7.1.2 Coupled Thermosphere Ionosphere Model

The Coupled Thermosphere Ionosphere Model (CTIM) consisted of two major com-
ponents coupled together: Global thermosphere model developed by Fuller-Rowell and
Rees (1980), and Mid- and high-latitude ionosphere convection model developed by
Quegan et al. (1984). The plasmasphere and low latitude ionosphere has been added
as the third component to extend further the CTIM model in order to give Coupled
Thermosphere Ionosphere Plasmasphere electrodynamics model (CTIPe) (Gulyaeva
and Bilitza, 2012). It can calculate the global thermosphere and the ionosphere of high-
latitude using the physics processes. The inputs of CTIM include: the precipitation
parameters of potential and the electron from the MHD model and subsequently

provides the conductance and the ionospheric dynamo current to the potential solver.



Therefore, CTIM introduces first-principle calculations to replace the empirical con-
ductance calculations (Bilitza and Tamara, 2012).

2.7.1.3 Utah State University-Time Dependent Ionospheric Model

The Utah State University-Time Dependent Ionospheric Model (USU-TDIM) devel-
oped by Schunk and Walker (1973) is an ion-based model that was meant for mid-
latitude in the first place. The model solves the time-dependent continuity and mo-
mentum equations for ions (NJ, OF, NJ, and O%) as a function of altitude within a
plasma flux tube that rotates with the system. It accounts for diurnal variations and
incorporates all relevant processes in the E- and F-regions. It was later stretched by
Schunk et al. (1976) to cover the high-latitude effects due to convection electric fields
and particle precipitation. A reduced form of the ion energy equation was included,
assuming that local heating and cooling processes are the primary factors, which is valid
below 500 km. Sojka et al. (1981) described the incorporation of plasma convection and
particle precipitation models, which was later expanded by Schunk and Sojka (1982)
in the ionospheric model to account for ion thermal conduction and diffusive thermal
heat flow. Additionally, Schunk et al. (1986) incorporated the electron energy equation,
enabling a rigorous calculation of electron temperature at all altitudes. Overall, the
theoretical development of the TDIM is thoroughly detailed by Schunk (1988).

Typically, the standard TDIM configuration requires inputs for the convection electric
fields, neutral winds, neutral atmosphere and auroral precipitation. These inputs
are provided by the Mass Spectrometer and Incoherent Scatter - 1986 (MSIS-86)
model Hedin (1987), the Horizontal Wind Model (HWM) model Hedin (1991), the
Hardy auroral oval (Hardy et al., 1987), and the Heppner-Maynard convection patterns
(Heppner and Maynard, 1987), respectively. These predictors are empirical models
that use the geomagnetic indices Kp and Ap on a three-hour basis, along with the
solar indices f10.7 and f10.7A for the MSIS-86 and HWM models. In summary, the
model incorporates the indices Kp, Ap, f10.7, and f10.7A.

2.7.1.4 Semi-Analytical Model of the Ionosphere 2

Semi-Analytical Model of the Ionosphere 2 (SAMI2) developed at the Naval Research
Laboratory (NRL), is a physics based low-latitude ionospheric model. It It addresses
the evolving dynamics of plasma and chemical interactions among seven ion species
(H*, He*, N*, O*, NJ, NO+, and OF) over an altitude range from about 100 km
to the altitude of the outer space. SAMI2 resolves the continuity equations as well as
the momentum equations for all seven ion species, while the temperature equation is
addressed for Ht, He™, O, and the electrons. It models plasma dynamics across the
Earth’s dipole field from one hemisphere to the other. SAMI2 accounts for the drift of
E x B of a flux tube, both in longitude and altitude, and incorporates ion inertia in



the momentum equation for ions moving along the dipole field line. This consideration
is particularly relevant for plasma dynamics at very high altitudes, where ion inertia
becomes significant (Huba et al., 2000).

2.7.1.5 Semi-Analytical Model of the Ionosphere 3

Semi-Analytical Model of the Ionosphere 3 (SAMI3) is an improvement over SAMI2
by the same team at NRL, modeling the same ion species that extend from 70 km to
approximately eight Earth radii and including magnetic latitudes up to £88°. Similar
to SAMI2, SAMI3 also resolves the same continuity and momentum equations for the
three corresponding ion species. The unique thing about the model is that it has
catered for the motion along the geomagnetic field by adding the ion inertia in the ion
momentum equation. SAMI3 employs a fixed, irregular grid established in the magnetic
coordinate system. One axis of this grid is oriented with the Earth’s geomagnetic field,
allowing the model to distinguish between motion parallel to and perpendicular to
the magnetic field. SAMI3 can be set up to utilize either a oblique dipole model of
the geomagnetic field of the Earth or a spherical harmonic depiction of Magnetic Apex
coordinates, which incorporates the International Geomagnetic Reference Field (IGRF)
model of the geomagnetic field (Emmert et al., 2010; Richmond, 1995).

SAMI3 calculates electric fields self-consistently by solving a 2-D equation of elec-
trostatic potential, which is derived from current conservation in magnetic coordinates
and takes into account currents driven by gravity. The orthogonal electric field is then
used to compute the E x B drifts at mid- and low latitudes (Huba et al., 2008; Huba
and Joyce, 2010). In its standard configuration, SAMI3 utilizes version 2.0 of the Naval
Research Laboratory Mass Spectrometer Incoherent Scatter (NRLMSIS) climatology
to define thermospheric composition and neutral temperature, and the HWM to specify
East-West and North-South thermospheric winds (Drob et al., 2015; Emmert et al.,
2021).

2.7.1.6 Field Line Inter-hemispheric Plasma model

The Field Line Interhemispheric Plasma (FLIP) model is a numerical tool designed
to investigate the behavior of ionospheric plasma along magnetic field lines linking
the northern and southern hemispheres. It emphasizes the movements and variations
of plasma across the equator, considering factors such as solar activity, geomagnetic
conditions, and ionospheric processes Kotov et al. (2018). The model is utilized to
analyze how plasma flows and changes in various regions of the ionosphere, especially
concerning phenomena such as equatorial spread F, ionospheric irregularities, and the

overall interactions between the two hemispheres.



2.7.1.7 Global Ionosphere-Thermosphere Model

Global Ionosphere-Thermosphere Model (GITM) developed at the University of Michi-
gan’s Space Physics Research Laboratory (now known as the Climate and Space Sci-
ences and Engineering Department), is a three-dimensional spherical code that models
the coupled behavior of the Earth’s thermosphere and ionosphere system (Ridley et al.,
2006). It uses a stretched grid in latitude and altitude with a specified number of grid
points in each direction for a flexible resolution. The model solves for both the neutral
densities (O, O, N(2D), N(2P), N(4S), N2, NO, H and He) and ion species (O-(4S),
0+(2D), O+(2P), Of, N*, NS, and NO*).

GITM has four inputs; F10.7, Hemispheric Power Index (HPI), Solar wind velocity
of Interplanetary Magnetic Field (IMF) and Solar irradiance. The output of the model
include Temperatures of neutrals and ions, the East-West and North-South electron
Neutral winds and vertical Plasma velocities, Neutral mass density, and Number den-

sities.

2.7.2 Empirical and Semi-empirical Models of the Ionosphere

These are mathematical representations of the Earth’s ionosphere based on observed
data and measurements. They rely on analytical description of the ionosphere with
functions obtained from experimental data to give a climatological description of the

ionosphere.

2.7.2.1 International Reference Ionosphere

The International Reference Ionosphere (IRI) is an empirical model of the ionosphere
that started in the late sixties as a project sponsored by the Committee on Space
Research (COSPAR) and the International Union of Radio Science (URSI) (Bilitza
et al., 2011). It rely on the worldwide network of ionosondes, the powerful incoherent
scatter radars (Jicamarca, Arecibo, Millstone Hill, Malvern, St. Santin), the ISIS
and Alouette topside sounders, and in situ instruments flown on many satellites and
rockets to provide monthly averages of the electron density, electron temperature,
and ion composition for a specified geographic location, time, and date (Rawer et al.,
1978; Bilitza et al., 2011; Fron et al., 2020). The IRI model is regularly updated and
maintained by an international group of scientists and the latest version is IRI-2020.

2.7.2.2 NeQuick

NeQuick is a 3-D, time-varying model of ionospheric electron density founded on
an empirical climatological depiction of the ionosphere. It is an empirical model
developed in the European region and predicts monthly mean electron density from
analytical profiles, depending on solar-activity-related input values: Sun spot number



or solar flux, month, geographic latitude and longitude, height and Universal Time
(UT) (Hochegger et al., 2000). NeQuick provides electron density profiles for different
latitudes, longitudes, and times of the day.

2.7.2.3 Consultative Committee for International Radio Model

The Consultative Committee for International Radio (CCIR) model, now replaced by
the ITU-R (International Telecommunication Union - Radiocommunication Sector)
model, was widely used for ionospheric propagation predictions. It provided infor-
mation about ionospheric characteristics such as electron density and absorption at

different frequencies and times.

2.7.2.4 Bent Ionospheric Model

The Bent ionospheric model, developed in the 1960s by Roger Bent and colleagues at
the U.S. Naval Research Laboratory, is an empirical model designed to predict electron
density distributions in the Earth’s ionosphere for applications such as radio wave
propagation and satellite communication (Bilitza et al., 1988). Based on measurements
from ionosondes, radars, and satellites, the model provides global coverage of electron
density profiles across the key ionospheric layers. It incorporates variations based on
latitude, longitude, time of day, season, and solar activity levels, using parametric
equations to describe electron density as a function of these variables (Hoque et al.,
2022).

2.7.2.5 The Thin Layer model

The thin layer model started with the work of Chapman that describes the profile of
electrons in the ionosphere with respect to the height above the ground. The model
assumes that the electrons within the ionosphere are distributed in such a way that
there is a slight concentration around a thin layer at an altitude of h,, km from the
Earth’s surface. The point at which the line of sight intercepts this thin layer is the
Ionospheric Pierce Point (IPP). Figure 2.5 is an illustration of the geometry used to
map the slant TEC into vertical TEC, commonly referred to as vertical TEC (vTEC).
From Figure 2.5, the zenith angle at the IPP can be obtained as

: R,
siny = mces e, (2.20)

where; 6, is the elevation angle of signal path at the receiver, y is the zenith angle
at the IPP, and R, is the mean radius of the Earth. The slant TEC (sTEC) and the
vTEC are related by

sTEC = —vTEC (2.21)
cosy
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Figure 2.5: Geometry of the thin shell model adapted from Hein et al. (2016)

2.7.2.6 Klobuchar Model

The Klobuchar GPS ionospheric model, developed by by Klobuchar (1987a), is based
on an empirical approach. The model was used in ionospheric studies and was is
estimated to reduce the root mean square (RMS) of ionospheric range error globally by
approximately 50% (Klobuchar, 1987a; Hobiger and Jakowski, 2017). The Klobuchar
model treats the ionosphere as a single-layer, assuming that the ionosphere and its
Total Electron Content (TEC) are concentrated in a thin layer at an average altitude
of 350 km above the Earth’s surface. To calculate the slant delay at the L1 frequency,
the vertical delay at the Ionospheric Pierce Point (IPP) is multiplied by an obliquity
factor, or mapping function, which varies with geomagnetic location and local time
(Klobuchar, 1987a; Hoque and Jakowski, 2008; Hasan et al., 2020).

In the model, the daily fluctuation of ionospheric delay is represented using half of the
cosine function, with its amplitude and period changing based on geomagnetic latitude
and time. At night, the ionospheric delay is set to a constant value, while the amplitude
and period of the semi-cosine function focused around 14:00 local time (Hobiger and
Jakowski, 2017). When this model is applied to determine the amplitude and period
of TEC at any lecation on Earth, eight coefficients—derived from two separate third-
degree polynomials—are transmitted daily via GPS navigation messages. The ground
control segment of GNSS computes and updates these coefficients based on seasonal
changes and the level of solar activity (Setti Janior et al., 2019; Ngayap et al., 2023).

2.7.2.7 Semi Empirical Low-latitude Ionospheric Model

A Semi Impirical Low-latitude Ionospheric Model (SLIM) combines theoretical formu-
lations with empirical data to provide accurate and practical representations of iono-
spheric conditions (Anderson et al., 1987). Its based on three components: Theoretical
basis that stems from the fundamental physics of ionospheric processes and influence of
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2.7.2.6 Klobuchar Model

The Klobuchar GPS ionospheric model, developed by by Klobuchar (1987a), is based
on an empirical approach. The model was used in ionospheric studies and was is
estimated to reduce the root mean square (RMS) of ionospheric range error globally by
approximately 50% (Klobuchar, 1987a; Hobiger and Jakowski, 2017). The Klobuchar
model treats the ionosphere as a single-layer, assuming that the ionosphere and its
Total Electron Content (TEC) are concentrated in a thin layer at an average altitude
of 350 km above the Earth’s surface. To calculate the slant delay at the L1 frequency,
the vertical delay at the Ionospheric Pierce Point (IPP) is multiplied by an obliquity
factor, or mapping function, which varies with geomagnetic location and local time
(Klobuchar, 1987a; Hoque and Jakowski, 2008; Hasan et al., 2020).

In the model, the daily fluctuation of ionospheric delay is represented using half of the
cosine function, with its amplitude and period changing based on geomagnetic latitude
and time. At night, the ionospheric delay is set to a constant value, while the amplitude
and period of the semi-cosine function focused around 14:00 local time (Hobiger and
Jakowski, 2017). When this model is applied to determine the amplitude and period
of TEC at any location on Earth, eight coefficients—derived from two separate third-
degree polynomials—are transmitted daily via GPS navigation messages. The ground
control segment of GNSS computes and updates these coefficients based on seasonal
changes and the level of solar activity (Setti Junior et al., 2019; Ngayap et al., 2023).

2.7.2.7 Semi Empirical Low-latitude Ionospheric Model

A Semi Impirical Low-latitude Ionospheric Model (SLIM) combines theoretical formu-
lations with empirical data to provide accurate and practical representations of iono-
spheric conditions (Anderson et al., 1987). Its based on three components: Theoretical
basis that stems from the fundamental physics of ionospheric processes and influence of



the Earth’s geomagnetic field on the ionosphere; Empirical Data from both ground and
satellite measurements; Mathematical Representation such as electron density profile

and empirical Coefficients (Banerjee and Mallick, 1997).

2.7.2.8 Fully Analytical Ionospheric Model

The Fully Analytical Ionospheric Model (FAIM) is designed to provide an analytical
representation of the Earth’s ionosphere (Anderson et al., 1989; Feltens et al., 2011).
In contrast to empirical or numerical models that rely heavily on observational data
and simulations, FAIM uses mathematical expressions to describe the ionospheric
parameters quickly and even for real-time applications and integration into larger
systems where computational efficiency is crucial (Bilitza, 1999). Such parameters
include; electron density, ion composition, and temperature profiles.

2.7.2.9 Parameterised Real-time Ionospheric Specification Model

Parameterised Real-time Ionospheric Specification Model (PRISM) is a parameterised
model which involves defining key parameters that describe ionospheric characteristics
(Daniell and Brown, 1995). The parameters such as electron density, TEC, and
layer heights are used (Filby and D, 1997). PRISM is designed to provide real-
time ionospheric specifications since it integrates data from various sources, including
ground-based ionosondes, GPS receivers, and satellite measurements, to create accurate
ionospheric profiles (Pulliam and Charles, 2003).

2.7.3 Data Assimilation Models

Data assimilation models are a combination of observational data with numerical
models of the ionosphere. These models are important for improving our understanding
of the ionosphere’s behavior and for enhancing the accuracy of ionospheric predictions.

The common data assimilation models for the ionosphere are:

2.7.3.1 Kalman Filter and Ensemble Kalman Filter

These sequential data assimilation techniques are commonly used in ionospheric re-
search. They sequentially update the ionospheric state based on available observations,
such as TEC measurements from Global Navigation Satellite Systems (GNSS) receivers
(Kosary et al., 2022). The Kalman filter and Ensemble Kalman Filter (EnKF) is
a scheme that determines the best estimate of the global height-integrated O/N,
ratio by combining GCM results and uncertainties with measurements and their errors
(Codrescu et al., 2004). It then provides real-time updates of ionospheric conditions.



2.7.3.2 3DVAR and 4DVAR

Variational data assimilation methods, such as 3DVAR (three-dimensional variational)
and 4DVAR (four-dimensional variational), are used to estimate the ionospheric state
that best fits the available observations while considering the dynamics of the iono-
sphere (Rabier and Liu, 2003). A 4DVAR capability was provided by the introduction
of a linear perturbation forecast model based on the Unified Model, the non-hydrostatic
grid-point model producing our operational forecasts (Zhang et al., 2019). These
methods are often employed in numerical weather prediction models with ionospheric

extensions.

2.7.4 Data assimilated in ionospheric models

Data assimilated in ionospheric models typically include various measurements from
both ground- and space-based instruments to improve the accuracy of ionospheric
predictions. Key data sources include: GNSS receivers, ionosondes, radio occultation,
coherent and Incoherent scatter radars etc.

2.7.4.1 GPS Radio Occultation

Radio occultation data from GNSS satellites, where signals pass through the Earth’s
atmosphere and ionosphere, can be used for ionospheric data assimilation. These
observations provide valuable vertical profiles of electron density and temperature in
the ionosphere.

The radio occultation technique was engineered in the 1960s to investigate the atmo-
spheres of the outer planets in the solar system (Elliot, 1979). It utilizes the bending
of the paths and the delay in the propagation of radio signals from GNSS satellites
due to the molecules and electrons as they pass through the atmosphere (Mannucci
et al., 2020). COSMIC satellite leverages this effect by capturing the radio signals and
measuring their bending and delay, then down-links the data at ground stations found
in different locations of the Earth. Different profiles of the signal, including bending
angles, refractivity, temperature, pressure, water vapor in the atmosphere, and electron
density in the ionosphere, can be retrieved once the data are transmitted back to the
COSMIC Data Analysis and Archive Center (CDAAC) in Boulder (Yen et al., 2010).
The profiles of Radio Occultation of COSMIC begin at the Earth’s surface and reach
up to the altitude of the COSMIC satellites, which is 800 km above the Earth (Anthes
et al., 2000; Hwang et al., 2009).

2.7.4.2 Incoherent Scatter Radar

Incoherent Scatter Radar (ISR) measurements are valuable for studying the iono-
sphere’s plasma properties. Data assimilation techniques can be used to incorporate



ISR data into ionospheric models, improving the characterization of electron density
profiles (Ganguly and Brown, 2001). Radars offer vertical profiles of ionospheric
electron density, akin to ionosondes, but they capture data both above and below
the F2 peak. These devices are capable of scanning the ionosphere at oblique angles,
rather than just vertically. Furthermore, various ionospheric parameters, including

electron and ion temperatures, can be deduced from the echoes recieved by radar.

The principles of Incoherent Scatter Radar are based on the reflection of small quan-
tities of energy caused by fluctuations in ionospheric electron density (Beynon et al.,
1978). By analyzing the energy that is reflected back, one can derive electron and ion
densities, as well as temperature and mass. Since the energy reflected back is minimal,
highly precise receivers are required, resulting in very accurate parameter estimates.
Incoherent Scatter Radars function at higher frequencies compared to ionosondes,
usually ranging from 50 MHz to 1000 MHz. Because these transmitted frequencies
exceed the frequency range of ionospheric plasma (0.1 to 9 MHz), it allows for the
retrieval of electron density height profiles throughout the entire ionosphere (Bruno,
2021). The radars are equipped with beamforming (directional) antennas, allowing
them to collect the distributions of electron density from various directions around the
antenna. This capability facilitates the generation of a 2-D electron density maps of

the radar’s observational field.

2.7.4.3 Machine Learning-Assisted Assimilation:

In recent years, machine learning techniques, such as neural networks, have been
explored to assist in ionospheric data assimilation. These approaches aim to learn
complex relationships between observations and ionospheric parameters, potentially

enhancing assimilation accuracy (Mallika et al., 2020).

2.7.5 Artificial Intelligence Models of the Ionosphere

Artificial intelligence (Al) models for the ionosphere apply machine learning and neural
network techniques to enhance ionospheric predictions and analysis (Mallika et al.,
2020). These models leverage large datasets from satellite observations, ground-based
measurements, and simulations to predict ionospheric parameters, such as Total Elec-
tron Content (TEC), electron density, ionospheric disturbances and effective height
of the ionosphere. For example: Neural Network models, Support Vector Machines
(SVM), and Deep Learning Models (Zhou et al., 2023).

2.7.5.1 Artificial Neural Networks

Artificial Neural Networks (ANNs) is a computer algorithm developed to produce
digital mechanisms that can work like the human brain. It is built to adapt to
new situations in the same way the brain does (Basheer and Hajmeer, 2000). ANNs



utilize artificial "neurons" as their information processing units, similar to how neurons
function in the human brain. An ANNs is a software system that can adjust to the
information it receives by identifying trends and patterns. It retains pertinent data
and generalizes behavior through its parallel distributed architecture (Habarulema
et al., 2011; Haykin, 1998). ANNs has two generalised forms namely; feedforward

and recurrent networks.

Typically, neural networks (NNs) are collections of interconnected "neurons" that
aim to explore the behavioral trends of non-linear variables. They achieve this by
retaining information in the connections among neurons and then extrapolating the
changes in the parameters under investigation (Thakur and Konde, 2021). An ANN
architecture comprises input, hidden, and output layers that can be tailored to include
varying numbers of neurons during the implementation of the network. The quantity
of neurons in the hidden layers is determined by the volume of data being processed.
To facilitate computation and minimize training time required for optimization, the
number of hidden layers can also be adjusted (Thakur and Konde, 2021; Haykin, 1998).

Feedforward networks represent a type of ANN whose structure does not allow for
closed loops within the network connections. In contrast, recurrent networks are a
type of ANN that feature closed-loop connections, making them effective for learning
patterns that change over time (Sussillo et al., 2012; Habarulema et al., 2011). Thus,
standard feedforward NNs differ from recurrent NNs in that the latter can allow
the outputs of hidden neurons to be fed back into themselves through contextual
connections.



3.1

3.2

(a)

(b)

(c)

Chapter 3: Materials and Methods

Introduction

The aim of this study was to establish a reference value of the effective height of the
ionosphere over the East African region. This was achieved by utilizing data from

various sources. The data sources are discussed in the following section.

Data sources

This study used data from three sources: GNSS receivers, Global Ionospheric Maps
(GIMs), and ionosondes. The GNSS receiver network in the region that were utilized
to provide the GNSS data are facilities from three different entities, namely:

The University Navistar Consortium (UNAVCO), which has currently changed to
the EarthScope Consortium. The stations under this consortium are represented
by blue code names shown in Figure 3.1. The receiver of each station records
data in a raw form at the host computer, and at the same time converts a copy
into Receiver Independent Exchange (RINEX) format relayed through a network
to the central database. The RINEX files of these stations were downloaded from
the UNAVCO website!.

The International GNSS Service (IGS), which deployed the instruments at the
stations whose four letter code names are represented by red colour in Figure 3.1.
Their RINEX files were downloaded from the National Aeronautics and Space
Administration (NASA) website?.

The European Space Agency (ESA), which deployed GNSS receivers on board
the Swarm satellite. The swarm data files in Common Data Format (CDF) (see
section 2.6.2.1) were downloaded from ESA’s Swarm database®. The swarm level
2 daily data product was used, since it has an improved quality of the final data
products compared to level 1b (Olsen et al., 2013; Beggan et al., 2013; Consortium
et al., 2013). The CDF files extracted from the Swarm Level 2 TEC product for
each day contained 20 variables. In this study, seven variables (Timestamp,
Latitude, Longitude, PRN, Elevation angle, Relative sSTEC and Absolute sTEC)
of TEC product were used to determine the effective height of the ionosphere.
More details about the swarm data formats and variables in each file is presented

in section 2.6.

The GIMs are created from the data received from the network of over 2,000 IGS
ground-based GNSS receivers distributed all over the world (Hernandez-Pajares et al.,

2009; Zhu et al., 2023). Data received from the various IGS stations are analyzed at

lhttps://data.unavco.org/archive/gnss/rinex/obs/
2ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily/
3https://swarm-diss.ec.esa.int
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Figure 3.1: Locations of the ground based receivers on the region used in this study. The
stations indicated in red are IGS, blue are UNAVCO, and black are ionosondes. The thick
red dashes indicate the geomagnetic equator and the southern crest.

twelve different centers, which use various reference frames and techniques to estimate
vTEC and the differential code biases (DCB). The results of the vIEC obtained at a
given station is what is mapped over the globe as GIMs (Zhu et al., 2023). The com-
puted GIMs are then validated by three validation centers (Jet Propulsion Laboratory
(JPL), ESA, and Polytechnic University of Catalonia (UPC)) that combine them into a
common IGS GIM (Chen et al., 2020). The temporal resolution and spatial resolution
of standard IGS GIMs has been 2 hours and 5.0°x 2.5° in geographic longitude and
geographic latitude respectively from 1994. However, some GIM providers such as
CODE, have enhanced their products to a higher resolution. The temporal resolution
of GIMs from Centre for Orbit Determination in Europe (CODE) was changed to 1
hour, whereas the spatial resolution was improved to 1.0°x 1.0° in geographic longitude
and latitude (Liu et al., 2021). The GIMs data provided in IONosphere EXchange



(IONEX) format, was downloaded from earthdata archive of NASA*. The vTEC from
GIMs at a specific GNSS station was derived by interpolating the IONEX data from
the grid cell that includes the coordinates of the ground station.

Data from two ionosondes were used in this study: the Advanced Ionospheric Sounder
(AIS) instrument developed and deployed in Malindi-Kenya by the Istituto Nazionale di
Geofisica e Vulcanologia (INGV)-group, and the Vertical Incidence Pulsed Ionospheric
Radar (VIPIR) deployed around the geomagnetic equator in Addis Ababa, Ethiopia.
The VIPIR ionosonde is a donation from the United States Department of Defence
(US DoD) in collaboration with the Boston College Institute of scientific research.
The detailed location of the two ionosondes are showed in Table 3.1, and Figure 3.1.

The AIS ionosonde started routine operation on July 13, 2023, and the data is archived
both on the host computer and the database of Electronic Space Weather upper atmo-
sphere (ESWua). At the database, the raw data recorded by the instrument is remotely
processed by a dedicated software (Autoscala) developed at INGV and managed in
near-real time by the ESWua system at the INGV headquarters (Zuccheretti et al.,
2003; Romano et al., 2008; Scotto and Sabbagh, 2021; Madonia et al., 2022). The
users can access the raw ionograms or the processed ionograms (known as level-I data)
from either the host computer or from the ESWua website®. In this study, the processed
ionograms of AIS ionosonde were downloaded from the ESWua website.

The VIPIR ionosonde started routine operation on June 5, 2014, and the ionograms
recorded for the short time it was operational are stored on the host computer. The raw
ionogram of VIPIR ionosonde were extracted from the host computer, and processed
using a special software SAQ Explorer ( version 3.6.1), commonly abbreviated as SAO-
X. The SAO-X software uses edge detection algorithms to identify the traces on the
ionogram (Reinisch and Galkin, 2011). These traces represent the different ionospheric
layers and their corresponding reflection heights at various frequencies. The software
then classifies the identified traces into different ionospheric layers based on predefined
criteria and patterns observed in the ionogram (Mochalov and Mochalova, 2019). The
location of all the ground-based data sources used in this study are summarized in
Table 3.1.

It is important to note that, in this thesis, the methods that used GNSS data to deter-
mine the effective height of the ionosphere are referred to as GNSS-TEC techniques.
These are discussed in the subsequent section.

‘https://cddis.nasa.gov/archive/gnss/products/ionex/
Shttp://www.eswua.ingv.it/



Table 3.1: Location of Ground GNSS receivers used in this study

Geographic

Station ID Network Data Lat(°) Lon(°)
freq(mins)

MAL2 IGS Malindi 30 -3.02 40.24
RCMN IGS Kenya 30 -1.22 32.87
MBAR IGS Mbarara 15 -0.62 30.68
ADIS IGS Adisababa 30 9.03 38.78
BDAR IGS Ethiopia 30 11.59 37.42
NAZR UNAVCO 30 8.97 39.29
ARSH UNAVCO 15 -3.39 36.7
MTDK UNAVCO 15 -7.54 36.4
MAKS Scinda Makerere 30 0.32 32.63
MBRS Scinda Mbarara 30 -0.61 30.72
DODM IGS Dodoma 15 -6.22 35.81
MOIU UNAVCO Kenya 30 0.31 35.33
NURK UNAVCO Rwanda 30 -1.94 30.1
AlS-Ionosonde  Malindi Kenya 15 -3.02 40.2
Ionosonde 1 Maseno Kenya 15 0.04 34.62
Ionosonde 2 Adisabab Ethiopia 15 9.03 38.76

3.3 Methods

In this section, the methods used to estimate the effective height of the ionosphere over
a given area was discussed. The various techniques are summarized in the following

subsections.

3.3.1 Effective Height from Ionosondes

The scaled ionograms of the two ionosondes (AIS ionosonde and VIPIR ionosonde)
provided a number of ionospheric parameters. The parameters considered in this
study are the reflection heights of the signals and their corresponding frequencies.
The maximum height beyond which signals are no longer reflected was identified and
designated as the effective height of the ionosphere for that location. This height is
denoted as hmF2, with the associated frequency known as the critical frequency (foF2).
The values of hmF2 were used to investigate both the temporal and spatial variation
of effective height.

3.3.2 Estimation of Effective height using GNSS-TEC

The techniques that determine effective height from GNSS-TEC rely on the conversion
of STEC to the equivalent vTEC by the help of an oblique factor known as the mapping
function (MF) (Birch et al., 2002; Zhong et al., 2016). The conversion starts with an
assumption that vTEC is directly proportional to sSTEC, i.e

vTEC = K - sTEC (3.1)
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Figure 3.2: Geometry for the estimation of the mapping function (MF)

The constant of proportionality, K in Equation 3.1 is related to the mapping function
(MF) under the thin shell approximation (Huang and Yuan, 2013) as.

1
MF = = 2
N (32)

Figure 3.2 shows the transformation geometry of sTEC to vTEC, and can be used to
get an expression for the constant K, and hence the MF. From the figure, applying the
sine rule to triangle ABC, it can be shown that

siny _ sin(90 4 E)
Re  Re+h

(3.3)

where y is the zenith angle of the respective satellite at the IPP, E is the elevation
angle of the satellite and the ground receiver, and R, is the radius of the Earth.
Re-arranging Equation 3.3, gives the MF which is expressed as,

MF = secx = L (3.4)

\/1 _ (R..,-cos(]:";))2
Re+h
Equation 3.4 shows that the mapping function depends entirely on the elevation angle

(E) and the height of the ionosphere h, taken as the IPP height. Therefore, the GNSS-
TEC technique can use the mapping function to estimate the effective height of the

ionosphere.

In this study, the effective height of the ionosphere is denoted as h,. A number of
GNSS-TEC techniques employ the mapping function to determine the effective height
of the ionosphere. These techniques were first applied to the data of the East African
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Figure 3.3: Schematic diagram showing the variation of oblique factor (x) for the two different
heights (h, and hl) (Birch et al., 2002).

low latitude region to test their suitability or effectiveness over the region. The different
GNSS-TEC techniques tested include: the inversion technique (Birch et al., 2002),
coinciding pierce point technique (Nava et al., 2007), Zenith - Oblique single epoch
STEC technique (Jiang et al., 2018), combined IGS GIMs technique (Li et al., 2017),
and Swarm-IRI technique. These techniques are presented in the following subsections.

3.3.2.1 The Inversion Technique

The inversion technique (Birch et al., 2002), is used to estimate the effective height of
the ionosphere by expressing the value of sSTEC received from two satellites at the same
time as a linear combination. The two satellites must be at different elevation angles.
One must be at an elevation angle greater than 85° (taken as zenith satellite) and the
other at an elevation angle between 30° and 60° (considered as the slant satellite). The
value of sTEC of the slant satellite is represented by T and that of the zenith satellite
represented by T, (Figure 3.3). To convert sTEC into vTEC, a mapping function that
depends on the obliquity factor represented as x in Figure 3.3 is used for a particular
height. The value of x varies with height as shown in Figure 3.3.

It’s clearly seen from Figure 3.3 that the obliquity factors x and x/, for the two separate
pierce points of the same ray path of satellite S, are completely different. This shows
that for the same sTEC recorded, there will be two different values of vITEC in the two
different IPP points. The relationship between x or x! and the shell height (h, or hh)
(Figure 3.3) is given in Equation 3.3, where the height of the shell represented in the



figure hg or hs! can be estimated using the Equations,

: _ Rgsing
sin x = 257

or (3.9)
siny! = fzzet,

where f is the satellite zenith angle at the receiver. Therefore when the most appropri-
ate value of the factor represented by x is known, the effective height of the ionosphere
h,, can be determined.

According to Birch et al. (2002), the obliquity factor can be determined by first
expressing each measured sTEC value from the two satellites (7, and Ty ) in terms
of vTEC labelled “T” in Figure 3.3 as

T,=T

(3.6)
T, =T secx.

Birch et al. (2002) assumed that the total biases of the two observed satellites are
equal. However, the total biases (DCB) of the two GNSS satellites may not be the
same because they are completely two different devices whose hardware failures are
unique. Therefore, this study considered the total bias for each satellite independently.
Hence, the expressions for T, and T. in Equation 3.6 were modified to

T, =T + B,

(3.7)
T, =T secx + B,
where:
B. : total bias of the receiver and the zenith satellite
B, : total bias of the receiver and slant satellite

When the two expressions in Equation 3.7 are combined, a linear equation relating the
two measured sTEC values (T and T.) is expressed as

Ts = (T, —B,) secx + B (3.8)

For this study, the total bias of the GNSS satellite and the receiver were determined,
particularly for the zenith satellites ( B.). The total bias of the zenith satellite, B,, was
obtained from the sum of the bias of GNSS satellite at the zenith derived from CODE
and the bias of the GNSS receiver estimated when processing sTEC, as described in
Seemala and Valladares (2011). From Equation 3.8, the value of sec x is given by the
gradient of the graph of T, vs (T, — B.), i.e, the gradient M gives the obliquity factor

M2 -1

— (3.9)

M=secy or siny=



When Equation 3.9 is equated to Equation 3.5, the value of the effective height, A, is
expressed as

b o [ (s - 1] 510

Using all the GNSS receivers in the mentioned grid region, the total number of pairs of
satellites observed simultaneously along the slant and zenithal paths were determined
for each station using data for a particular period or month or season. The effective
height was then determined for all the epochs when the two satellites were observed.

3.3.2.2 Coinciding Pierce Point Technique

The coinciding pierce point technique (Nava et al., 2007) was first tested in the Ameri-
can sector. According to Nava et al. (2007), the error created by the mapping function
when converting sTEC into vI'EC is a useful tool for estimating the effective height of
the ionosphere or Ionospheric Pierce Point (IPP) altitude. The method uses links of
two GNSS satellite signals for a given epoch to two ground stations not very far apart
(less tha 1000 km). Two signals reaching the two ground stations are considered to
coincide at the altitude of IPP if their coordinates (¢, A1) and (¢, A2) calculated at
the IPP altitude fulfill the condition,

|p1 — 2| <0.2°

J L
|A1/cosdr — Ag/cosds| < 0.2° (3.11)

Equation 3.11 indicates that the condition to be fulfilled is that the utmost difference

satellite 2

satellite 1

— ground station 2
S

Figure 3.4: Geo-metr_v for the estimation of mapping function error extracted from Nava et al.
(2007)

between latitudes and the component of the longitudes at the IPP altitude should not



be more than 0.2°.

In this study, the implementation of the method started with identifying a satellite
pair at a particular epoch and then calculate the latitude and longitude of the signals
at a given height taken as IPP. The latitude and longitude of the IPP points, (dn, An),
were calculated using the Equations (Sunehra, 2013; Sedeek et al., 2017; Rabah and
Sedeek, 2018).

¢p = sin™" [sin @ cos Yn) + oS b, Sin (k) - cO8 A
= s (i)

cos @y

(3.12)

where ¢, is latitude of ground receiver, A, is longitude of ground receiver, A is the
azimuth angle of the satellite at the ground receiver (obtained from the broadcast
ephemeris of the GNSS satellite), 1 represent the offset between the elevation angles
of the GNSS satellite at the ground station and at the IPP. ¢ is obtained using the
equation

Y = E' - E, (3.13)

where E is the elevation angle of the satellite at the ground station, E’is the elevation
angle of the satellite at the IPP height (dos Santos Prol and de Oliveira Camargo, 2015).
From the geometry of Figures 3.3 and 3.4, the angles E’ and x are complementary
angles such that from Equation 3.5, x can be written in terms of E’ as

sin y = RocosB _ cos E'
X=R+h ‘
E' is given by the equation
E' = cos~! [(ReR_: h) cos E] : (3.14)

The IPP coordinates (¢1, A1) and (@2, \2) obtained were tested for coincidence using
the condition given in Equation 3.11. If the condition is satisfied, the STEC values of
the satellites are then extracted. The sTEC extracted for each satellite was converted
to vTEC using the MF (Equation 3.4).

At this point, the vTEC values at pierce point 1 (vTEC;) and pierce point 2 (VTEC,)
(Figure 3.4) are equal since the signals from the two satellites are assumed to pass the
ionosphere under the same condition. If there is any difference between the two vTEC
values, it would be attributed to the value of h used in calculating the IPP coordinates.
The difference between the two vITEC values is expressed as

AVTEC = [VTEC; — vTEG,|. (3.15)
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Figure 3.5: Summary of steps followed to determine ionospheric effective height using the
coinciding pierce point technique

If the two vTEC values in Equation 3.15 are expressed in terms of sSTEC, as indicated
in Equation 3.1 and 3.2, AvTEC can be expressed as

STEC: _ sTEC,
MF(x1) MF(x2)|

AVTEC = (3.16)
Therefore, the values of the height substituted in Equation 3.12 and Equation 3.4 were
adjusted until the difference between the two vTEC values for the two pierce points
are minimum, i.e, when AvTEC is minimum. The height h,, for which the two VTEC
values are equal or have the minimum difference is taken as the effective height.

Generally, the steps followed to determine the value of effective height is summarized
using the flow chart in Figure 3.5.

3.3.2.3 Determination of the IPP altitude from IGS-GIMs

The IGS-GIMs technique was used to determine the effective height of the ionosphere
for the East African low latitude region. This was done following the approach proposed
by Li et al. (2017), i.e,

(i) The absolute value of STEC of a GNSS satellite was extracted by removing the
specific satellite and receiver Differential code biases (DCB) from the directly
recorded ionospheric observables (line- of- sight TEC).

(ii) The absolute sTEC obtained was then converted into vIEC using the mapping
function for a given value of height h, and this particular vTEC is labelled as
vTECy.

(iii) The “ground truth” vTEC (vTECr) was determined for the hour when the GNSS
sTEC was received. This “ground truth” is the vTEC interpolated from GIMs



of the IGS. The standard GIMs TEC for the whole globe, with a resolution of
120 minutes (2 hours), was extracted from IGS Ionosphere Product website. The
vTEC over the coordinates of the ground receiver was interpolated to provide
vTECT every two hours.

(iv) The root mean square error (rmse) values between the two vI'EC values, (vIECy
and vTECr), at a given height were calculated for all the satellites visible within
the two hours of GIMs using the Equation.

1 n
rmse = , | > (VTECH, — vTECT,)?, (3.17)

i=0
where n is the number of satellites visible to a given station in the 2 hours.

(v) Finally, the height h substituted in Equation 3.4 was varied between 100 and
1000 km at intervals of 10 km. For each case, the rmse was calculated for all the
visible satellites. The height at which the rmse is minimal was considered as the
effective height, h,,, of the ionosphere.

3.3.2.4 Comparison of zenith sTEC with oblique sTEC

The zenith-oblique technique (Huang and Yuan, 2013) is based on the principles of the
inversion technique described in Section 3.3.2.1, but in this case only a single epoch
of the zenith satellite was considered. When using this method over the East African
region, two satellites observed simultaneously from a single receiver were considered.
One satellite at the zenith (E > 89°) and the other at an oblique angle of elevation
(30° < E < 85°). For a given epoch, TEC recorded by the satellite that is at the zenith
was considered as true vIEC (VIECtg).

The sTEC recorded by the other satellite at an oblique angle of elevation, during
the same epoch, is converted to vIEC using Equation 3.4 for a specified height h. This
was denoted as vTECog. The values of the height h substituted in Equation 3.4 during
the conversion ranged from 100 to 1000 km, and this produced different vTECop values
for each value of h. The two vTEC values were then compared using graphical analysis
to determine the height at which they are equal. The value of h when the two vIEC
values are equal (VTECop = vVTECrR), was taken as the effective height, h,, of the

ionosphere.

The four GNSS-TEC techniques all use the mapping function in different ways, which
gives room to new techniques that may also be using mapping function in another
approach. In this study, a new GNSS-TEC technique is proposed to supplement on
the existing GNSS-TEC techniques, and to facilitate cross-validation and provide a



complementary comparison to the four existing techniques. This technique, named as
Swarm-IRI TEC technique, is discussed in the following section.

3.3.3 Swarm-IRI TEC Technique

In this technique, sSTEC measured simultaneously from the dual-frequency GNSS re-
ceiver fixed looking upwards on swarm satellite, and sTEC recorded by a given GNSS
receiver on ground when swarm is on a small grid cell of 1.5° x 1.5° over the ground
receiver were obtained. The difference between the two sTEC values were calculated
to get the STEC between the ground and the height of swarm satellite (sTEC below
swarm satellite). The sTEC below swarm satellite is referred to as TECbs. The values
of TECbs were converted into vTEC, and then compared with IRI-TEC integrated
from 65 km to the same height as swarm. IRI was chosen because the model relies on
data sources from worldwide network of ionosondes, i.e the powerful incoherent scatter
radars (Jicamarca, Arecibo, Millstone Hill, Malvern, St. Santin), the topside sounders,
and in situ instruments. This provides electron density profiled according to height in
the altitude range of 65-2000 km during day-time, and 80-2000 km in the night-time
(Shi et al., 2019; Bilitza et al., 2010, 2017; Patel et al., 2019). The IRI TEC was
downloaded from the homepage®. The procedure followed to determine the effective
height using this technique is presented in the following subsection.

GNSS sat

v
NaY

Ionosphere layer

Ionosphere

Ground receiver

Figure 3.6: Geometry for effective height determination from Swarm satellite and ground
receiver

3.3.3.1 Determination of Effective Eeight from Swarm - IRI TEC

The following steps were used to derive effective height of the ionosphere:

®http://irimodel.org



(i) The path of swarm satellite (swarm B) was tracked until it was over head a given
ground GNSS receiver.

(ii) The absolute sSTEC recorded simultaneously by ground station (denoted as sTECr),
and by the receiver on board swarm satellite (denoted as sTECs) (see Figure 3.6),

were determined.

(iii) TEC below the swarm satellite (TECbs) was then obtained from the difference
between sSTECs and sTECr (represented in orange in Figure 3.6 ). This was done
only when the GNSS satellites were at an elevation angle between 30° and 60°.
For satellites at elevation angles below 30°, there is a risk of losing lock on the
ground receiver due to scintillation effects, while at high elevation angles above
60°, the loss of signal is caused by obstruction of the GNSS signal path by swarm
satellites.

(iv) TECbs obtained were converted to the vertical component (VTECbs) using a
given height in the MF, and the vTEC error determined from the difference
between vTECbs and the interpolated IRI_TEC in the same epoch period.

(v) For the same given height h, the vITECbs and it’s corresponding vTEC error was
determined for all GNSS satellites visible. The root mean square error for all the
vTEC errors of the different satellites were obtained.

(vi) The value of height h substituted in Equation 3.4 during conversion of TECbs
to vITECbs was varied in steps of 5 km from 100 km up to the height of Swarm
B satellite (530 km), and in each case the rmse calculated. The value of h that
gives the minimum rmse was taken as the effective height.

3.4 Spatial and Temporal Variation of the Effective
Height.

The East African region lies in the low latitude region of the ionosphere that is known
for a well developed Equatorial Ionization Anomaly (EIA). This leads to significant
variation of TEC, which in turn influences the variation of the ionospheric centre of
mass or effective height of the ionosphere, both in space and time (D’ujanga et al., 2013;
Opio et al., 2015; Oron et al., 2013; Olwendo et al., 2016). The spatial and temporal
variations of the effective height of the ionosphere was investigated. The temporal vari-
ation includes diurnal and seasonal changes, while the spatial variation examines the
differences in effective height between the crest and trough of the ionization anomaly.
These aspects are discussed in the following subsections.

3.4.1 Diurnal variation

To determine the diurnal variation, values of h determined using the different GNSS-
TEC techniques described in sections 3.3.2.3 - 3.3.3 were sorted into hourly files and



the modal value of h for each hour considered as effective height of the ionosphere at
that hour. This was done for all the 24 hours of the day, using data for the entire year
to give the diurnal variation.

Similarly, hmF2 values obtained from ionosondes recorded at an interval of 15 minutes
for all the 24 hours of the day over the entire period of the ionograms were used to

show the diurnal variation.

3.4.2 Seasonal variation

This was investigated by determining the hourly mean of the measured effective height
for a given day. The mean of the hourly values for all the days of a year were grouped
into three seasons. December solstice (November, December, January and February),
June solstice (May, June, July and August) and Equinox (March, April, September
and October). The seasonal variation was analyzed by examining the changes in the
mean values of the effective height, h,,, for a specific hour across all the months within

each respective season.

3.4.3 Spatial Variation of Effective Height

The spatial variation of the effective height of the ionosphere was investigated using the
crest to trough ratio (C2T). The crest to trough ratio is the ratio of values of effective
height obtained at the crest to the values of effective height at the trough (McDonald
et al., 2011; Zhang et al., 2009). Hourly mean of h for stations at the crest (ARSH,
DODM and MTDK) were divided by the hourly mean of h values for stations at the
trough (ADIS and NAZR). The variations of C2T gives the spatial variation.

The variation in the effective height of the ionosphere as discussed above, provided
a better understanding of the patterns and behavior of the ionosphere. This provided
data for modelling the effective height of the ionosphere as discussed in the following

section.

3.5 Modelling of Ionospheric Effective Height over
East Africa

To model the effective height of the ionosphere, the values of the height, h, obtained
from GNSS receiver MAL2 using the different methods discussed in sections 3.3.2.3,
3.3.24 and 3.3.3 together with the values of h obtained from the ionograms from
Malindi co-located with MAL2 were used. A 15 minute time series of height A from
January 1, 2022 to March 31, 2024 was obtained. Any data gap was filled with the value
integrated from IRI at that given epoch to give a continuous sizable data for a single
station modelling. In modelling, Artificial Neural Networks (ANNs) (Mas and Flores,
2008), was used to study the behavioural patterns of non-linear height parameter



through the storage of information in the interconnections, and later generalising its

variations (Mas and Flores, 2008; Shanmuganathan, 2016).

The effective height of the ionosphere at a particular location exhibits temporal varia-
tion that can be categorised into periodic and random components (Li et al., 2017). The
periodic component (Pr) involves the diurnal and seasonal variations, while the random
component (Rr) corresponds to the changes due to solar and magnetic variations. The
periodic component is modeled as a function of the hours of the day (diurnal) and day
of the year (seasonal) P, = f(Hr,doy) (Vinnikov et al., 2004).

Basing on the two components of temporal variation, a number of factors could be
contributing to the random component of temporal variation. To help determine the
extent to which a given solar and magnetic parameter influences the temporal variation
of effective height, a regression analysis was first carried out on a number of solar and
magnetic parameters. This was useful in getting the most suitable inputs for the final
model. The solar and magnetic parameters used in the regression analysis include solar
flux f10.7 (£10.7), sunspot numbers (ssn), solar wind speed (swp), proton temperature
(pnt) and Dst index (Dst). During the regression analysis, the dependent variable h
was first expressed as a function of the periodic (Pr) and random (Rr) variables as

h= (P Ry), (3.18)

where P, = {Hr,doy} and R, = {f10.7, ssn,pnt, swp, Dst}. The seven independent

variables were all expressed as a linear combination of the dependent variable h as
h = f(Hr,doy, f10.7, ssn, pnt, swp, Dst, A).

where A is the matrix of the unknown coefficients of the seven variables. The matrix

of the dependent variable can be expressed as

h=ag+ a1T; + Ao + azrs + a4Tq + ....... + AnTp, (3.19)
where 11, Zo,...... , T, represent the n-independent variables, ag is a constant term, and
ay,as, as, ..., a, are the coefficients of the respective independent variables.

In order to allow a continuous numerical trend of the data between the transition
of two consecutive days, the two periodic variables (Hr and DoY) were each split into
two trigonometric components. The hour (Hr) were split in sine component (Hrs) and

cosine component (Hre), and the day of the year (doy) were split into sine component



(doys) and cosine component (doyc) expressed as
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where t is the time of the day, and d is the DoY.

(3.20)

When the four inputs of the periodic variables in Equation 3.20 were substituted

together with the other five solar and magnetic parameter in equation 3.19, a total

of nine variables were obtained. This is expressed as

h =ag+a Hr +asHre+ azHrs + asdoyc + asdoys + agssn + a7 f10.7 + agpnt + agswp

(3.21)

The coefficients a;, as, az,..ccco..... ,ag, were determined by least square fit of the

polynomial h using the following steps.

(i) Formulate the design matrix for the multivariate linear regression of Equation 3.21

XA=h

where

X is the design matrix,

a is the vector of coefficients,

h is the vector for the values of effective height (dependent variable).

The design matrix X for n data points and the 9 variables is:

1 11 T2

1 x91 T2
X =

1 In1 Tn2

The vector of the unknown coefficients A and values of h is:

ag\
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(ii) Solve the system of linear equations using the matrix method, i.e,
A=X"h

where, X! is the inverse of matrix X.
(iii) Solve for the coefficients A

The values of the coefficients determined correspond to the contribution of a particular
independent variable to the variation of the effective height. Hence only independent
variables whose contributions are significant (greater than 0.01) were used in the final
model development using neural networks. This is discussed in the following subsection.

3.5.1 Artificial Neural Networks Model

The ionosonde dataset based on a single station at Malindi was used to train the model
using ANNs. The dataset comprises of h,, values obtained every 15 minutes from a
combination of the hmF2 values of the ionosonde (July 2023 - March 2024) and mode
of GNSS-TEC values obtained from the station MAL2 co-located with the ionosonde
(January 2022 to July 2023). This gave a continuous dataset for the period from
January 2022 to March 2024, enough for the ANNs model to learn the pattern. The
inputs for the ANN model were chosen from the parameters in the regression analysis
(Equation 3.21). The variables with coefficient values greater than 0.01 were considered
for ANN model inputs. In this case, six of the nine variables in the regression equation
(Hre, Hrs, Dyc, Dys, ssn and f10.7) had coefficient values greater than 0.01, and
were used to train the ANN for a single station (Kimura et al., 2019). However, before
the training of the whole data was carried out, optimization of the neural network
was done to determine the appropriate architecture suitable for the data (Chen and
Liu, 2022; Doshi, 2019). The optimization started with dividing the dataset into two:
training data set (70%) and validation data set (30%). The training dataset is the one
used for training the ANN, while the validation dataset determines the performance of
the ANN on patterns of the data that are not trained during learning.

After running the model, the two datasets obtained are the measured and predicted
values. The rmse between these measured and predicted values were calculated using
the expression.

1
rmse = (N Z(h,i - h,p!.)Z) , (3.22)

where i = 1,2,..., N, N is the total number of observations for a given dataset, h, is
the measured value of a given data set and h, the predicted value. During parameter
optimization, the value of the parameter that minimized the rmse was considered as
the most suitable for the ANN architecture.



In ANN, two major parameters define its architecture: the number of neurons in a given
layer and the number of hidden layers (Brownlee, 2018; Krishnan, 2022). These two
parameters were each optimised using the rmse of the training data set and validation
data set. The optimised parameters were then set as the suitable architecture for
training the entire data.

After training and evaluating the performance of the model, it was then exported
directly to MATLAB using the support from MATLAB that deploys models to .NET
applications (Kumar et al., 2019; Li et al., 2024). The exported model was then
imported into the .NET environment, where the .NET libraries with compatible frame-
works are used to load and utilize the model (Shakouri and Banihashemi, 2019). When
the six new inputs are fed into the data, the application then predicts the effective
height of the ionosphere for the period specified in the inputs. In this study, MATLAB’s
support applications was used to carry out predictions using the trained model.



Chapter 4: Results and Discussions

4.1 Introduction

This study focused on the validation of the value of effective height of the ionosphere
over the low-latitude region of East Africa. This was achieved through various tools

and techniques, and the results obtained are discussed in the following sections.

4.2 Determination of Effective Height of the Iono-

sphere

The effective height of the ionosphere over a given place is best determined using
observations made with vertical incidence ionosondes that give electron density profile
with respect to height (Bilitza et al., 2010). Determination of effective height of the

ionosphere using ionosonde data is discussed in the following subsection.

4.2.1 Effective Height from Ionosonde

There are two ionosondes found in the East African region: The Vertical Incidence
Pulsed Ionospheric Radar (VIPIR) and the Advanced Ionospheric Sounder (AIS). As
already mentioned in chapter 3, the VIPIR ionosonde is located in Addis Ababa,
Ethiopia, while the AIS is located in Malindi, Kenya. In the following subsection,
the results obtained using the ionosonde located at Addis Ababa are presented and

discussed.

4.2.1.1 Effective Height from Addis Ababa Ionosonde

The ionosonde at Addis Ababa relays ionograms at an interval of 5 minutes, and the
data are stored in the host computer. After being extracted, the ionograms were scaled
to reveal several ionospheric parameters for every 5-minute epoch. Two parameters that
are most essential for this investigation are the critical frequency (fof2), which is the
minimum frequency beyond which the signal passes through the ionosphere fully, and
the hmF2 which is the height of the ionospheric layer that corresponds to the critical
frequency. The description of how these two parameters are obtained from ionograms is
described by the pattern of the curves displayed in a graph of ionospheric height against
signal frequency (Figure 4.1). In all the panels of Figure 4.1, the echo of the signal
transmitted vertically upwards began to be received from the ionosphere at a height of
approximately 90 km, when its frequency reached about 0.1 MHz. This indicates the

beginning point of the ionosphere at the distinct time.

The ionosphere is stratified into layers, and each layer of the ionosphere reflects radio
waves within a specific frequency range. Higher layers generally reflecting signals of
higher frequencies, for example, in Figure 4.1, the signal frequency increases to about
0.5 MHz as the reflection height rises gradually to approximately 100 km, signifying
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Figure 4.1: The variation of the ionospheric height with frequency at different times of DoY
156. Time indicated on each panel is the epoch of the ionograms. The curves are asymptotic
at particular frequencies (critical frequency) corresponding to the hmF2.

the maximum height of the D layer (Bremer, 1998). At the 0.5 MHz, there is a sharp
increase in the height of the ionosphere at which the signals are reflected, to about
170 km representing the E-region (Danilov, 2002; Zell, 2015). Beyond a frequency
of 0.5 MHz, the reflection height of the ionosphere increased moderately to about
250 km when the frequency reached 1 MHz (Figures 4.1(a), 4.1(b) and 4.1(c)). This
indicates the boundary between F1 and F2 layers of the ionosphere (Davies, 1990a).
Beyond the 1 MHz frequency, the reflection height gradually increases until it reaches
a point where the curve becomes asymptotic. In this frequency range, the signal is
reflected at the F2 layer, where the ionosphere is denser. From Figures 4.1(a) and
4.1(b), this behaviour is observed in the frequency range of approximately 1 MHz to
8 MHz, whereas in Figures 4.1(c) and 4.1(d), it is observed from 1 MHz to 5 MHz.
Beyond the frequency of the asymptote, the signal penetrates the F2 layer, implying
that the critical frequency of the F2 layer (fof2) has been reached. It can be seen
that, on DoY 156, the critical frequency as seen in Figure 4.1(a) is about 8 MHz at
17:30 UT, in Figure 4.1(b), critical frequency is about 8.2 MHz at 17:40 UT, while in
Figure 4.1(c) and Figure 4.1(d), it is about 5 MHz and 4.6 MHz at 22:40 UT and 22:45



UT respectively. The corresponding effective heights (hmF2) in each of the cases in
Figure (4.1(a), 4.1(b), 4.1(c), and 4.1(d)) are about 450 km, 500 km, 360 km and 300
km respectively for the different 5-minute epochs. This is the effective height of the
ionosphere at the respective time. Effective height values are higher at 17:30 and 17:40
compared to the values at 22:40 UT and 22:45 UT because of the significant electron
loss difference between the two time periods (Titheridge, 1968; Thomson et al., 2021).

Important to note is that the magnitude of fof2 corresponds to the density of the
F2 layer at a given time. For example, in Figure 4.1(a) and 4.1(b), the value of fof2
reaches 8 MHz at 17:30 UT, while in figures 4.1(c) and 4.1(d), the value is about 5
MHz at 22:40 UT on the same day. This suggests that the density of the F2 layer
is greater at 17:30 UT than at 22:40 UT, which is still due to greater electron loss
disparity. The height at which the curve becomes asymptotic to the critical frequency
is considered as the value of hmF2 for the particular ionogram of a given time of a day.
On a given day, the VIPIR ionosonde is expected to record 288 ionograms. However,
due to system malfunction the ionosonde at Addis Ababa was not able to record all

the ionograms for the days it was operational as shown in Table 4.1.

In some of the days, as seen in Table 4.1, the number of ionograms recorded were

Table 4.1: Number of Ionograms recorded by Addis Ababa ionosonde in 2014
[DoY Ionograms | DoY Tonograms | DoY Ionograms |

156 16 166 39 176 00
157 46 167 02 177 00
158 18 168 21 178 00
159 21 169 08 179 15
160 27 170 26 180 12
161 36 171 20 181 04
162 42 172 09 181 00
163 00 173 00

164 34 174 03

165 35 175 00

less than 10, e.g DoY 167, 169, 172, 174, and 181. The highest number of ionograms
recorded is 46 on DoY 157. For analysis, the days with atleast 30 ionograms were
considered because it would fairly give a better representation of the values of hmF?2
of a day. The values of hmF2 were obtained for each ionogram. For the selected days,
the values of hmF2 obtained were plotted against the time when the ionograms were
recorded, as shown in Figure 4.2. The mean value of hmF2 for each selected day was
determined and this value exceeds 350 km. For example, on DoY 157, the mean hmF2
registered is 389 km, on DoY 161 the mean was 371 km, while for DoY 162 and 166,
the respective values of the mean hmF2 were 400 km and 376 km. This was repeated
for all days where the number of ionograms is above 30 and the mean value of hmF?2

for all the days considered was higher than 350 km
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Figure 4.2: Values of hmF2 recorded at the Addis ababa for the different epochs on DoY 157
panel (a), DoY 161 (b), DoY 162 (c¢) and DoY 166 (d). The mean of hmF2 values for a given
day is represented by h, and printed at the center of each panel.

Unfortunately, the ionosonde at Addis Ababa broke down by August 3, 2014, and
the East African region did not have other reliable ionosondes for monitoring the
ionosphere until July 23, 2023 when the AIS ionosonde was installed in Malindi by
the INGV team. The AIS ionosonde has data for the period of August 2023 to date.
The data between the period of August 2023 to March 2024 was used to determine
the hmF2. The results obtained from the AIS ionosonde is discussed in the following
subsections.

4.2.1.2 Effective Height from Malindi Ionosonde

The ionograms recorded at Malindi were obtained and processed as described in sec-
tion 3.3.1. The processed ionograms for each day contained 38 parameters presented in
38 columns. For each ionogram in this study, three specific parameters were considered,
namely: time when ionogram was recorded, frequency of the reflection signals to
determine the critical frequency of the F2 layer (fof2), and the height at which the
signals are reflected to reveal the height of the peak electron density (hmF2). These
parameters were considered because of their relevancy to the study. Unlike the Addis
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Figure 4.3: Variation of AIS ionosonde values of hmF2 with time of the day in 2023. The
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Ababa ionosonde, the one at Malindi registers ionograms after every 15 minutes. This
imply that for a given day, 96 ionograms are expected over Malindi station. The values
of hmF2 and fof2 were obtained from each ionogram of a given day. The variation
of hmF2 and fof2 with time are presented in Figure 4.3. The results indicate that
the effective height of the ionosphere on a given day lies in a range. For example, on
DoY 357 (Figure 4.3(a)), the range is between 250 km to 490 km, and for Doy 358
(Figure 4.3(c)), the range is between 250 km and 470 km. Similarly the right hand
panels indicate that the mean values of the hmF2 for a given month lie in a range of
280 km - 430 km for the month of November 2023 (Figure 4.3(b)) and 282 km - 440
km for the month of December (Figure 4.3(d)), respectively.

The hmF2 values for the two locations in the East African region were extracted from
all the ionograms recorded during the entire operational period of the stations, and
the modal values were determined. The results are shown in Table 4.2. The modal
value of the hmF2 values in both cases is greater than 350 km. Important to note from
the table is that the modal value registered at Addis Ababa in 2014 is higher than



the modal value registered at Malindi in 2023-2024. This could be attributed to solar
activity since the year 2014 was the period of solar maximum for the solar cycle 24.

Table 4.2: Modal values of hmF2 obtained from all ionograms registered at the two locations

Ionosonde lo- | Year of | Period of recorded | Number Modal

cation operation | ionograms of iono- | value of
grams hmF2
recorded

Addis Ababa 2014 June 5, 2014 to Aug 3, | 472 423.5

2014
Malindi 2023 to | Jul 13, 2023 to Aug | 31826 384.2
date 31, 2024

The result obtained from the ionosondes is always regarded as the most accurate value
of effective height of the ionosphere. But in places where there are no ionosondes,
alternative techniques that use GNSS-TEC have been suggested. In this thesis, the
suggested GNSS-TEC techniques have been tested over the East African region using
data for the years of 2014 and 2016 when most GNSS receivers had data for many

days. The results are discussed in the following subsections.

4.2.2 Effective Height from GNSS-TEC Techniques

GNSS-TEC techniques for determining effective height of the ionosphere were in-
troduced to supplement ionosondes and to be an alternative in places where these
ionosondes may not be in existence or have no data. The techniques rely on a special
function known as the mapping function (MF) given in Equation 3.4, which is used
to convert sTEC to vTEC. The MF is useful for estimating the effective height of the
ionosphere. From Equation 3.4, the MF depends on the elevation angle of the GNSS
satellite and the ionospheric height h. In order to use MF to determine the ionospheric
height, the second parameter, elevation angle must be defined.

To examine the effect of elevation angle on the mapping function, a quiet day in 2014
(DoY 005) was selected, during which the ionosphere is presumed to be influenced only
by its daily variation, without the impact of other external factors. The data of this
particular day from one station in the region MBAR was used. The satellite passes over
Mbarara on this particular day (DoY 5) were tracked to identify a satellite observed
by the ground receiver for longer hours (at least 8 hours). The results are shown in
Figure 4.4. Satellites visible for over 8 hours were selected, as the maximum duration
for a complete satellite pass is 12 hours. In this case satellites identified by PRN 1, 3,
6, 11, 17,18, 22, 25, 27 and 28 were considered (Figure 4.4). On this particular day
(DoY 5), satellite identified by PRN 6 which was visible for a longer time (11 hours)
was considered to investigate the effect of elevation angle of a satellite on the MF. This
was repeated for other quiet days in the same year, i.e, DoY 137 from station MBAR,
and DoY 257 from station NURK. In this case satellites identified by PRN 25 and PRN
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Figure 4.4: Visibility duration of all the satellites at the station MBAR on DoY 5

26 were considered because they were visible for more than 8 hours.

For each of the PRNs considered, the variation of MF with elevation angle at a
particular ionospheric height was determined. The study also looked at how the vTEC
determined from the selected satellite varies with time as it’s elevation angle changes.
The results are shown in Figure 4.5. From the left side panels (4.5(a), 4.5(c) and 4.5(e)),
the values of MF for elevation angles less than 40° are different at each ionospheric
height. i.e., for very low elevation angles, the MF value of about 5.7 at a height of 100
km and a value of 2 at a height of 1000 km is observed. These values are significantly
different from height to height. However, for elevation angles greater than 40°, all the
curves for the different heights are very close to each other. This means that, at high
elevation angles, the mapping function is almost the same. Any slight difference is
entirely due to the value of the ionospheric height considered. Therefore, if one is to
rely on a mapping function value to estimate the effective height of the ionosphere, h,,,
the elevation angle of the GNSS satellite should be set at a value greater than 40°.

Similarly, the curves on right hand panels (4.5(b), 4.5(d), 4.5(f)) show significantly
different values of vTEC as a function of elevation angle for a given value of sTEC.
It is observed that between 08:00 UT and 10:00 UT in Figure 4.5(b), between 18:00
and 20:00 UT in Figure 4.5(d) and between 03:00 UT and 05:00 UT in Figure 4.5(f),
the curves representing vTEC are very close to each other for higher elevation angles.
However, when elevation angles are below 40°, the vTEC values computed at different
heights show significantly high deviation of about 25 TEC units in Figure 4.5(b), about
30 TECU in Figure 4.5(d) and Figure 4.5(f). This also suggests that, higher elevation
angles are suitable for use in the MF.

Therefore, both panels suggest that the contribution of ionospheric height h to the
values of mapping function in the East African region is significant when the satellite
elevation angle used in the height dependant mapping function exceed 40°. In addition,
low elevation angles are associated with signal errors due to some factors such as
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Figure 4.5: The effect of elevation angle on mapping function and vITEC. The left side panels
(4.5(a), 4.5(c) and 4.5(e)) show the variation of mapping function with satellite elevation
angles. The right hand panels (4.5(b), 4.5(d) and 4.5(f)) show the variation of vTEC with
elevation angle. In both cases, each curve is for a particular value of the height substituted
in the MF.



multipath (Moore et al., 2014), which can give wrong values of the effective height
of the ionosphere, h,,, deduced from the mapping function. Hence in this study, a
threshold elevation angle of 40° was used in the GNSS-TEC techniques discussed in
the following subsections.

4.2.2.1 Inversion Technique

This was the first GNSS method proposed by Birch et al. (2002), and it was first
employed in the mid-latitude region to estimate the shell height. The value obtained
for the mid-latitude region was in the range of 700 km to 1200 km. To test this
technique over the East African region, MAL2 data for the year 2014 were used, and
pairs of satellites, one along the zenith and the other at a slant path that relayed data
simultaneously to the IGS station MAL2, were identified (Elevation angle E of zenith
satellite is greater than 85° and for slant satellite 40° < E < 85°). For all the satellite
pairs that meet the criteria stated, a scatter plot of the TEC recorded at the zenith
(zTEC) versus that at the slant path (STEC) was created, and the line of best fit was
determined for each. The gradient m, of the line of best fit was obtained for each
pair of the satellites. The results for the different days are presented in Table 4.3, and
Figure 4.6.

Table 4.3: Slant to zenith inversion estimate of the effective height over MAL2 for the days

of 2014. The columns included are the correlation coefficient, the slope (m) obtained from
regression fit, mean elevation angle of the slant and zenith satellite pass, the mean time of

the pass, and the height (h) computed with the help of Equation 3.4.

Doy | Zenith | Slant | Mean Mean | Mean |sTEC sTEC of | No. | corr. m h
PRN | PRN | UT Az- cleva- | of slant | Zenith of Coef (km)
imuth | tion PRN PRN pts

1 18 12 4.5542 194.61 | 61.287 | 26.635 14.255 76 0.99789 | 0.31044 | 999
1 24 21 1.2583 | 219.53 | 56.621 | 11.617 4.4282 17 0.97308 | 0.15419 | 547
3 24 15 0.85417 | 236.06 | 57.679 | 5.2038 0.92104 | 48 -0.33757 | -0.04125 | 140
3 24 21 1.1208 | 219.46 | 56.668 | 11.073 1.0794 16 -0.9746 | -0.1104 | 388
4 24 21 1.05 219.63 | 56.689 | 12.804 2.1541 17 0.99043 | 0.10977 | 386
5 24 21 0.98333 | 219.48 | 56.707 | 11.438 4.0341 17 0.99576 | 0.12888 | 454
6 24 21 0.9125 | 219.65 | 56.727 | 18.715 6.3289 18 0.99764 | 0.18224 | 647
7 24 15 0.575 236.78 | 57.716 | 18.99 8.3845 47 0.31074 | 0.058133 | 198
7 24 21 0.84167 | 219.72 | 56.753 | 19.95 8.5359 17 -0.94266 | -0.0413 | 144
8 24 21 0.77083 | 219.88 | 56.774 | 17.297 8.4278 18 0.98661 | 0.13983 | 492
9 24 5 0.27083 | 219.83 | 57.564 | 12.023 6.125 6 -0.03292 | -0.0212 | 72
9 24 15 0.4625 | 233.69 | 57.821 | 12.504 6.1783 40 0.92087 | 0.24554 | 839
9 24 21 0.70417 | 219.72 | 56.795 | 16.073 6.4528 18 | -0.97205 | -0.11939 | 420
10 24 15 0.36667 | 237.27 | 57.764 | 14.778 7.5122 45 0.44943 | 0.098673 | 336
10 24 21 0.63333 | 219.93 | 56.827 | 18.541 7.2837 19 0.98188 | 0.10576 | 370
11 24 21 0.5625 | 219.94 | 56.844 | 12.619 3.3467 18 0.96041 | 0.058663 | 204
12 24 21 0.49583 | 219.77 | 56.864 | 25.651 15.826 18 0.97836 | 0.16486 | 582
13 24 21 0.43333 | 219.28 | 56.883 | 16.838 11.481 17 0.87823 | 0.047101 | 164
14 24 21 0.35833 | 219.76 | 56.907 | 18.428 5.9326 19 0.97408 | 0.055884 | 194
15 24 21 0.28333 | 220.17 | 56.936 | 22.017 9.3947 19 0.97184 | 0.10557 | 368
16 18 12 3.525 187.73 | 61.447 | 13.625 5.4519 77 0.99945 | 0.29502 | 940
16 24 21 0.21667 | 219.99 | 56.958 | 17.807 8.1847 19 0.94032 | 0.077915 | 271
17 24 21 0.14583 | 220.17 | 56.978 | 27.826 10.151 20 0.99442 | 0.092458 | 322
17 25 12 3.1125 | 99.086 | 63.138 | 4.8283 4.4917 6 0.79286 | 0.19132 | 561
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Figure 4.6: Scatter plot of slant TEC vs vTEC over station MAL2. The figures show the
gradient m in each plot used to estimate h.

From Table 4.3, the values of the gradient m are significantly different for the different
pairs of satellites, and this results in different values of k. For example, DoY 001 shows
that the satellite pair 18/12 had a gradient of 0.31044 which gives a value of h to be
999 km. This can also be seen in Figure 4.6(a).

In addition, there are cases where the visibility duration of the two satellites are too long
(more than 10 minutes) as seen by high number of points in column 8 of Table 4.3.
For example satellite pair 18/12 on DoY 001 recorded 76 epochs (approximately 30
minutes), another pair 24/21 on DoY 016 was visible for longer period, recording 77
data points, and pair 24/15 on DoY 007 for almost 20 minutes (47 points). Similarly, in
some cases, the technique produced negative gradients when the TEC recorded by the
zenith satellites keep reducing with epoch, while that of slant pass instead increased
for the same ionosphere. The negative gradient obtained by Birch et al. (2002), were
attributed to several factors related to the shell height of the ionosphere. These factors
included changes in temperature, humidity, or other environmental variables that could
influence measurements, inaccuracies or inconsistencies in the data collection process.
For example, satellite pair 18/12 and 24/15 and 24/15 on DoY 003. On another note,



the correlation coeficient of some pairs are too low (less than 0.4), indicating that the
TEC recorded by both satellites in each epoch are completely random. e.g satellite
pair 24/15 on DoY 007 in Figure 4.6(d). This was attributed to the specific statistical
or analytical techniques used.

Comparison of height from Inversion technique and ionosonde

To check the effectiveness of this particular GNSS-TEC technique, the value of effective
height obtained from this GNSS-TEC technique is compared with ionosonde values,
because hmF2 from the ionosondes is considered to be more accurate. This requires a
station co-located with an ionosonde. As already mention in the previous subsection,
the data used to test various GNSS-TEC techniques was for 2014, and the only
ionosonde with available data in that year was located in Addis Ababa. An IGS station
(ADIS) co-located with the ionosonde was considered. From already known literature,
(e.g Zell (2015)), the concentration of electron density in the ionosphere cannot peak
at a height less than 200 km. Therefore values of height less than 200 km (like what is
shown in Table 4.3) were not considered.

The effective height obtained from Addis Ababa ionosonde for the days with consider-
able number of ionograms as mentioned earlier and ADIS-IGS station for the different
DoY are presented in Figure 4.7. The value of effective height obtained using the
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Figure 4.7: Comparison of height obtained from the Addis Ababa ionosonde and inversion
technique at 13:00 UT, for selected days in 2014

inversion technique for this particular hour of 13:00 UT is higher than the ionosonde
values for most of the days represented in Figure 4.7. For example on DoY 160,
inversion technique gave a value of 730 km when ionosonde had 400 km.

The inversion technique was applied to data from GNSS stations that had more than
200 days of available data for the entire year of 2014. The height h values obtained



Table 4.4: Modal values of effective height from GNSS stations having data for more than
200 days in 2014

GNSS Station | No. of days with data | No. of satellite pairs | Modal values of h
MAL2 363 3212 412
ADIS 336 2841 428
MBAR 364 3173 391
MTDK 336 1964 385
DODM 350 2848 368
NURK 335 1836 431

from different satellite pairs at a single station were sorted, and any values less than
200 km or greater than 1000 km were excluded. The modal values of the remaining
h measurements from the selected stations are summarized in Table 4.4. The modal
value of effective height from each station in Table 4.4 is greater than 350 km.

4.2.2.2 Coinciding Pierce Point Technique

In this technique, pairs of stations at a distance not more than 1000 km apart as
recommended in the studt by Li et al. (2017) were identified. In this case the station
pair MAL2 & RCMN was selected. Random values of h, ranging from 100 km to 1000
km, were used to calculate the respective IPP coordinates of two satellites visible at
a given epoch using Equation 3.12. The IPP coordinates calculated were each tested
for coinciding for a given PRN pair, epoch by epoch, using Equation 3.11. For any
pair that coincides, the sTEC of each satellite was converted into vTEC using the
height dependent MF (Equation 3.4). The difference between the two vTEC values
(vTEC error) for a satellite pair at a given epoch was determined. The height h at
which the two satellites are considered to coincide is varied between 100 km to 1000
km until the vTEC error is minimum. Figure 4.8 shows some of the results obtained
using the method of coinciding pierce point. It can be seen from the figure that the
vTEC error reduces to a minimum at a given height. The height at which the vTEC
error is minimum is considered as the effective height of the ionosphere h,,. From the
result, the effective height of the ionosphere on DoY 001 is about 355 km at 06:00
UT (Figure 4.8(a)), and 385 km on DoY 003 at 02:00 UT, 420 km on DoY 004 at
13:00 UT and 435 km on DoY 005 at 13:00 UT in Figures 4.8(b), 4.8(c), and 4.8(d)
respectively. The method yields reliable results as long as the pair of satellites that
meet the condition of “coinciding” can be got for a given hour of the day.

To analyse the condition for coinciding further, the IPP coordinates were calculated
for different values of height h for a given day, and the number of coinciding pairs
determined for each height. The results are shown in Figure 4.9. The number of pairs
meeting the condition for coinciding (Figure 4.9(a)), increases with height, e.g at a
height of 120 km, the number of coinciding pairs is 100 and the number increased to
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Figure 4.8: Variation of vTEC error with IPP height for a pair of stations MAL2-RCMN in
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technique.
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Figure 4.9: Relationship between number of coinciding pairs with IPP height chosen over
MAL2-RCMN station pair. Figure 4.9(a) shows variation of the number of coinciding points
with the value of height h chosen on DoY 10, 2016. Figure 4.9(b) shows minimum height for
the highest number of pairs in the different DoY

200 when the height is about 150 km. The increase continued steadily and became
constant at a height of 500 km. Beyond this height, the number of coinciding pairs did



not change. This indicates that the height of 500 km is the maximum height beyond
which the number of coinciding pairs will never change. Therefore, to apply coinciding
pierce point technique, the effective height of the ionosphere is expected to be below
500 km. Similarly, from Figure 4.9(b), the maximum [PP altitude is 500 km for the 9
days out of 10, with only DoY 008 showing 400 km.

4.2.2.3 Zenith - Oblique Single Epoch sTEC Technique

For this technique, satellite passes for a day over the station MAL2 were tracked until
one given satellite is directly at the zenith (Elevation angle of 89° or 90°). The TEC
registered by the zenith satellite was recorded the vTEC at that moment. For the same
epoch, the sTEC registered by another satellite at an elevation angle between 40° and
80° was recorded. The sTEC was then converted into its vertical component using
Equation 3.4 for a given height h. The two vTEC values (one for zenith satellite and
the other for slant satellite) are compared, and found to be different. The difference
was tagged to the value of h substituted in the MF during conversion. The h in the
MF was adjusted to different values, ranging between 100 km to 1000 km, and in each
case vVTEC of the slant satellite is calculated. A graph of vTEC against height was
then plotted. A horizontal line representing the vI'EC of the zenith satellite was then
superposed in the same graph as shown in Figure 4.10. The blue dotted marks are
the vTEC values obtained, while the horizontal line is the vTEC obtained from the
zenith satellite. The height at which the best line of fit of the converted vIEC value
intersects with the vTEC of the zenith satellite is considered as the effective height of
the ionosphere at that moment. For each epoch, the value of effective height is printed
at the center of the figure. It can be seen that the values of the effective height are
unique for each hour and day. What is important to note is that, for this method, it’s
normally one particular satellite that appears at the zenith at that particular time,
irrespective of the day. For example, for the four days sampled in Figure 4.10, its only
PRN 18 that is observed at the zenith around 02:00 UT for all the days. It was able
to pair up with other satellites at an oblique angle, each registering TEC that gives
unique values of height, depending on the elevation angle of the oblique satellite. In
some cases, two slant satellites can register different sSTEC values for the same time.
For example, on DoY 4 (Figure 4.10(c) and Figure 4.10(e)), there are two different
values of the effective height obtained for the same time, 02:00 UT. The two satellites
produced different values of height for the same hour. This may have resulted from the
variations in the line-of-sight paths through the ionosphere and potential measurement
errors affecting the instruments of the two slant satellites (PRN 10 and PRN 12)
(Bidaine and Warnant, 2009).

Comparison of single epoch technique with ionosonde
The ionosonde at Addis Ababa that archived some data in June 2014 was used to
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Figure 4.10: Sample results for the days of the year 2016 (004, 012, 015 and 021) from station
MAL?2 using single epoch technique. The red horizontal line is the vTEC for the Zenith
satellite.

compare the zenith - oblique single epoch GNSS-TEC technique. Using the GNSS
station ADIS, values of effective height obtained at 17:00 UT using the single - epoch
GNSS-TEC technique were compared with the hmF2 from the ionosonde. The results
are presented in Figure 4.11.

For the three days shown in Figure 4.11, the values of h obtained using single epoch
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Figure 4.11: Comparison of height got from Addis Ababa ionosonde and zenith - oblique
single epoch technique in 2014

technique at 17:00 UT are slightly higher than the ionosonde values. This could be
attributed to the errors that arose from the analytical technique used in the single

epoch method.

4.2.2.4 1IGS-GIMS Technique

This technique was tested using days of the year 2014 when the station MAL2 had full
data. The sTEC derived from each GNSS satellite visible to station MAL2 at a given
hour was converted to vTEC using a random value of h (Equation 3.4). For a given
value of h, the difference between the calculated vTEC from a given visible satellite
and the vTEC obtained from GIMs (considered as true vTEC) was obtained to give
the error in the vITEC. The rmse of vTEC for all the satellites visible in the period
of temporal resolution of GIMs (2 hours) is then determined for the same value of h.
The process was repeated for varying values of height h, and in each case, a value of
rmse obtained. A graph of height against rmse values was plotted, and the value of
height at which the rmse is minimum was taken as the effective height. Figure 4.12
shows the results of particular epochs for the four days chosen. It can be noted that
the rmse values for a given GIMs epoch period is higher for lower values of h. For
example at a height of 100 km, the value is about 16.5 TECu (Figure 14.12(a)) and
19.2 for Figure 14.12(b). As h is increased, the value of rmse reduces gradually to a
minimum at a height regarded as the effective height of the ionosphere (h,,) at that
time. In Figure 14.12(a), the ionospheric effective height at 10:00 UT, for the DoY 001
is 450 km, and the effective height on DoY 002 in Figure 14.12(b) is 425 km for the
same time of the day. Similarly, for the DoY 003 at 00:00 UT (Figure 14.12(c)), the
height is 345 km, while on DoY 004 at 22:00 UT (Figure 14.12(d)) the effective height
is 470 km.
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Figure 4.12: Variation of ionospheric height with rmse of the two vTEC values for different
days.

4.2.2.5 Swarm-IRI Technique

Data from Swarm B for the year 2016 was used to test the Swarm-IRI technique over
ground GNSS station MAL2. Swarm satellite passes were tracked and the time when
it passes overhead the ground station was recorded. The IRI data for the time when
swarm is overhead the ground receiver was used to calculate IRI-TEC by integrating
electron density from height of 65 km to the height of swarm B satellite (530 km).
Using the steps listed in section 3.3.3.1, TECbs was obtained for all the moments when
Swarm satellite passed overhead MAL2 station in 2016. However, the value of TECbs
obtained represents the portion of GNSS slant TEC in the height between the ground
receiver and swarm B satellite, meanwhile IRI-TEC represents the vertical TEC in the
same height range from the ground to the height of swarm B satellite. Since IRI-TEC
are modelled values and TECbs are measured values, a validation relationship was
first established between the two values. This was done by a scatter plot of TECbs
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obtained in 2016 against IRI-TEC integrated at the respective epochs of TECbs, and a
regression analysis between the two carried out. The results are shown in Figure 4.13.
From the figure, a correlation coefficient of 0.9104 was obtained, implying that there is
a very high positive correlation between IRI-TEC and TECbs. Therefore IRI-TEC can
be used together with TECbs to determine the ionospheric effective height as described
in the Swarm-IRI-TEC technique.

To ensure that the days selected for testing the different GNSS-TEC techniques be-
longed to the same ionospheric season, the evaluation used days that matched those
chosen in the other techniques. The steps described in section 3.3.3.1 were applied for
each selected day, and the results are shown in Figure 4.14 and Table 4.5.

The results show that, for a given epoch, both the swarm satellite and the GNSS ground
receiver were observing similar GNSS satellites that are near each other. For example,
at 05:39 on DoY 002 (see Table 4.5), both Swarm and MAL2 receiver were observing
PRNs 16, 21 and 22. But the TEC recorded by the ground receiver (MAL2) when in
the same line of sight with swarm receiver for PRN 16, is 26.780 TECU. This value is
much lower than the TEC values recorded at the same time, like in PRN 16 and PRN
21 for the same epoch. Therefore only TEC recorded for the epochs when the two
receivers are receiving signals from two different satellites were used. For example, in
Figure 4.14(a), when swarm B was receiving a signal from PRN 5, the MAL2 ground
GNSS receiver was receiving signal from PRN 2 at the same time. TECbs is obtained
for the pair considered and then converted to vTEC. The vTEC error is calculated
from the difference between the vTEC computed and IRI-TEC. The rmse of vTEC for
all satellite pairs in a given epoch were determined. The values of h substituted in MF
were adjusted, and in each case rmse calculated. The height substituted in the mapping
function is considered the effective height of the ionosphere at that epoch if the rmse
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Figure 4.14: Variation of ionospheric height h obtained using SWARM-IGS technique with
vTEC. The left subplot of each of the figures 4.14(a) to 4.14(d) shows the effective height
obtained from the intersection of the lines bs_ vTEC (vertical component of TECbs) and
IRI-TEC integrated from IRI. The right hand subplot is rmse of the bs_ vTEC for the visible
satellites plotted against height.

is minimum. The value of the effective height is different for the different hours and
days. For example, at 17:00 UT in Figure 4.14(a), the effective height registered is 368
km. For the other days of the year in Figure 4.14(b), 4.14(e), 4.14(f) and 4.14(c), the
values of effective height are 457 km at 05:00 UT, 421 km at 04:00 UT, 316 km at 16:00
UT, 463 km at 04:00 UT and 500 km at 16:00 UT respectively.

Comparison of the effective height obtained from the swarm-IRI method
with the value of effective height obtained using ionosonde
The mean value of hmF2 for a given hour was obtained from Addis Ababa ionosonde



Table 4.5: Sample results for three different days showing satellites that were visible to both
Swarm and ground receiver. The parameters included are the TEC recorded simultaneously
by swarm and ground receiver MAL2.

DoY | Epoch prn prn prn Average TEC by | TEC
Time seen seen pairs Elevation | Swarm mal2
(UT) by by
swarm | mal2
16/21 33.4 5.9328 42.1288
05:39:29.88 | 16, 22 16, 21 16/16 37.7 5.9328 26.7800
002 21/16 38 6.7504 38.0600
22121 32 6.7504 42.1200
5/2 33 15.5120 50.1300
5/5 33.8 15.5120 22.0500
007 17:14:31.20 | 5,6, 9 2,5,6,9|5/6 31,2 15.5120 34.5600
9/5 34.5 13.039 33.0500
6/9 30.4 13.0390 34.5600
10/10 33.8 5.8827 18.8100
008 05:07:0.12 | 10, 26 10, 18 10/18 31.1 5.8827 38.0300
26/10 34.5 5.8827 27.0600

for the days with available data in the year 2014. However, for all the days with data,
only three days (DoY 157, 168 and 179) had considerable data for at least 5 hours
as shown in Table 4.6. The swarm-IRI method can only provide two values in a day
since swarm satellite passes over a given ground receiver only twice a day. Therefore,
to compare the value of effective height obtained using this technique with ionosonde
values, a GNSS receiver (ADIS) at the same location as the ionosonde system was used,
and the TEC it registered in the year 2014 was determined. The swarm-IRI method
was then applied and the results are shown in Figure 4.15.
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Figure 4.15: Swarm-IRI technique values of effective height at a given hour for particular days
of 2014.

The value of effective height obtained on DoY 157 at 19:00 UT using the swarm-IRI
method in Figure 4.15(a), is 446 km, while the mean value of hmF2 at 19:00 UT
recorded by the Addis Ababa station at the same hour shown in the Table 4.6 is 426
km. These two values are very close to each other. Similarly for the DoY 179, the



Table 4.6: Mean values of hmF2 for a given hour recorded by Addis Ababa ionosonde in 2014.
The values of effective height obtained by Swarm- IRI technique is represented in blue. The
dash in the table indicate no single data for that given hour.
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Swarm-IRI technique effective height at 16:00 UT is 416 km in Fig. 4.15(b). This

corresponds with the hmF2 of 409 km at the same time of 16:00 UT.

Additionally, processed ionograms for the month of September 2023 (the month when
the system had stabilized), collected by the recently installed AIS-INGV ionosonde in
Malindi, were used to validate the Swarm-IRI technique. The values of hmF2 recorded
in the month of September were obtained and compared with TECbs over MAL2 for
the same period. Since swarm satellite passes over a given location twice a day, two
values of the height h, were derived using the swarm-IRI method for each day. The

results of the first nine days of the month of September are presented in Table 4.7.

Table 4.7: Values of hmF2 for a given hour recorded at Malindi Ionosonde in Sept. 2023 and

Swarm-IRI Values

Days | doy 244 | doy 245 | doy 246 | doy 247 | doy 248 | doy 249 | doy 250 | doy 251 | doy 252
05 |17 |04 |16 |04 (16 (03 |15 (03 |15 (02 [14 (02 (14 [O1 |13 |01 |13
Time(U[T)
AIS [ 280 | 375 | 270 | 388 | 282 | 375 | 259 | 369 | 276 | 379 | 288 | 340 | 293 | 401 | - 377 | 275 | 397
hmF2
(km)
Swm- | 314 | 356 | 292 | 391 | 278 | 359 | 280 | 354 | 306 | 391 | 302 | 342 | 318 | 395 | 317 | 394 | 306 | 413
IRI h
(km)

The results of the swarm-IRI method and that of the ionosonde in Table 4.7 show a
similar trend. According to Figure 4.16, the two values are having a very high positive
correlation, with correlation coefficient of 0.94. This demonstrates that the swarm-IRI
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Figure 4.16: Scatter Plot Showing the Correlation Between AIS hmF2 and effective height
obtained by Swarm-IRI technique over MAL2 in Sept 2023

method can also be used to estimate the effective height of the ionosphere.

Comparison of swarm-IRI technique with other GINSS techniques

To compare the results from the swarm-IRI method with the other four GNSS tech-
niques discussed earlier, a particular hour of a day when all the methods had results
was identified. This was done using data for the years 2014 and 2016. For the year
2016, all the four techniques had results at the hour of 18:00 UT on DoY 005. The
results at 18:00 UT for each of the four GNSS-TEC techniques is presented in a bar
graph (Figure 4.17(a)). It can be seen that on the DoY 005, the values of the effective
height h,,, at 18:00 UT (Figure 4.17(a)) for the different GNSS-TEC techniques are:
660 km for the inversion technique (mtd2.1.1), 510 km for the single epoch technique
(mtd2.1.2), 430 km for the coinciding IPP technique (mtd2.2), 450 km for IGS-GIMs
technique (mtd2.3) and the Swarm-IRI technique (new mthd).

Similarly, for the year 2014, the different GNSS-TEC techniques had results at 16:00
UT on the DoY 179, including VIPIR ionosonde. The modal value of the effective
height h at the respective hour of the day was obtained. The results are presented in
bar graphs shown in Figure 4.17(b). On DoY 179, the modal value at 16:00 UT is 480
km for inversion technique, 515 km for single epoch technique, 390 km for coinciding
IPP technique, 400 km for GIMs technique, 410 km for the swarm-IRI technique, and
the VIPIR ionosonde gave 400 km.

The values of effective height obtained from the different techniques provided enough
data points to investigate the spatial and temporal variations of effective height. These

variations are discussed in the following section.
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Figure 4.17: The ionospheric effective height obtained by the different methods. Figure 4.17(a)
shows values of effective height of the different GNSS-TEC techniques. Figure 4.17(b) is model
value of h for each GNSS-TEC and the VIPIR ionosonde.

4.3 Spatio-Temporal Variations of Effective Height
Over East Africa

The temporal and spatial variations of effective height over East Africa were studied
by analyzing the values of effective height derived from the different GNSS-TEC tech-
niques and ionograms recorded at Malindi. The results of the temporal variations are
presented in the next two subsections.

4.3.1 Diurnal Variation of Efective Height

Diurnal variation was investigated using both GNSS-TEC techniques and ionosonde
values. To study the diurnal pattern using GNSS-TEC, quiet days of the year 2014
(kp < 1.3) were identified, i.e days when the ionosphere is under geomagnetic quiet
conditions. Data for 288 quiet days of the year 2014 were processed from five receivers
that had data in almost all the quite days of the year 2014. The stations listed by
their four letter codes are MBAR, MTDK, NURK, MAL2 and ADIS. From each
station, the value of h was determined by employing the different techniques described
in subsection 4.2.2. The values of h recorded in each epoch from the GNSS-TEC
techniques were stored in hourly files for all the quiet days in that year. In each
hourly file, the model value of the effective height registered by the different GNSS-
TEC techniques was considered as the value of effective height for that particular
hour. The model value was considered in order to eliminate the effect of outliers in the
data. This was done for all the 24 hours of the day. The results are represented in a
graph of effective height against time of the day (Figure 4.18). From Figure 4.18, the
minimum height of about 340 km is observed at 04:00 UT, corresponding to sunrise.
The value rises gradually to the first peak of about 460 km at 10:00 UT and to the
second peak of about 500 km at 14:00 UT, after which it starts to fall gradually to
about 370 km at 20:00 UT. According to Chuo and Lei (2014), the gradual increase
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Figure 4.18: Diurnal variation of effective height of the ionosphere

in the ionospheric effective height after sunrise is associated with photoionization and
meridional wind. During the day, the meridional neutral wind blows towards the poles,
and this causes particles in the upper part of the atmosphere (the ionosphere) to move
down to lower altitudes (Khadka et al., 2018). At the same time, the bottom side
ionospheric electron density still increases due to photoionization, resulting in increase
in [O*] and uplift of the F2 layer to higher altitudes. The loss rate is thus reduced,
and eventually an increase in the effective height of the ionosphere. This observation is
in agreement with the diurnal variation of TEC over the East African region reported
in studies by Olwendo et al. (2016), Opio et al. (2015), Oron et al. (2013), D'ujanga
et al. (2013). This is because ions produced at high altitudes during the day maintain
a sizeable density of electrons at the F2 peak throughout the day-time and then diffuse
downward at night.

On the other hand, the values of hmF2 obtained at the Addis Ababa ionosonde for the
same year 2014 did not cover all the hours of the day. It was not possible to use it in
investigating the diurnal pattern. Instead, the study used the hmF2 results obtained
from the AIS ionosonde in the year 2023. For each day, the ionosonde at Malindi
recorded a number of ionograms from August 2023 to date. In each day, a diurnal
pattern is exhibited. For example, in some of the random days of the year 2023, the
variation of effective height with time of the day is presented in Figure 4.19. The values
of hmF2 exhibit a diurnal variation. The minimum value is observed at about 04:00
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Figure 4.19: Diurnal variation of hmF2 from ionosonde for two given days.

UT, followed by a gradual increase to the first maximum at 10:00 UT. There is a slight
reduction between 10:00 UT to 13:00 UT, after which there is a sharp increase to a new
maximum at around 16:00 UT higher than the previous maximum. The value then
falls rapidly to the second minimum at about 21:00 UT. This is a direct indication of
hmF?2 dependence on the equatorial dynamics (Jiang et al., 2023). The first maximum
and minimum are purely due to the solar zenith angle that influences ionization of the
gas molecules. The second maximum is associated with the £ x B drift of the daytime
ionosphere (Withers et al., 2023).

Similarly, the hmF2 values from the ionosonde at Malindi were averaged hourly for
each month from August 2023 to April 2024. The results are shown in Figure 4.20.
The hourly average of hmF2 in all the months showed a variation with time of the day.
The peak highest values occurred between 14:00 UT to 16:00 UT. The first minimum
occurred at around 03:00 UT in all the months presented and the second minimum
at around 21:00 UT. This is a typical diurnal pattern exhibited even by TEC over
the region as discussed in several studies e.g (D'ujanga et al., 2013; Opio et al., 2015;
Olwendo et al., 2016).

4.3.2 Seasonal Variation of Effective Height

Seasonal variations were analyzed using data from both GNSS-TEC techniques and the
ionosonde. The effective height values for GNSS-TEC techniques collected at station
MAL?2 (co-located with the ionosonde) throughout 2022 were saved in daily files after
cleaning, with outliers removed. In each daily files, the values of h were binned in 6 hour
intervals (to have considarable data points) for all the 366 days of 2022. The results
are presented in Figure 4.21(a). Similarly, the values of hmF2 at Malindi ionosonde
registered from August 1, 2023 to July 31, 2024, were binned in 12 hour intervals (due
several data gaps) and the results are presented in Figure 4.21(b). From Figure 4.21,
effective height of the ionosphere demonstrates a seasonal variation with lowest values

during the June solstice. There are relatively higher values at the equinox. However,
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Figure 4.20: Variation of hourly mean of hmF2 with time of the day for the different months.

there is an asymmetry between June and December solstices. In both cases, the values
in the December solstice are higher. The highest magnitudes were observed during the
September equinox and December solstice, followed by the March equinox, with the
lowest during the June solstice. These results are consistent with the findings attained
in several studies of TEC in low latitude regions that attributed this kind of pattern
to increased ion production during the winter season and an anti-correlation in pre-
reversal velocity enhancement between the December and June solstices (Ogwala et al.,
2019; Akala et al., 2013).

In addition, using ocoinciding pierce point technique, results from one pair of stations
around the crest (RCMN-MAL2) were picked and the values of h for all the quiet
days of the year 2014 were grouped into the three seasonal months: January solstice
(November, December, January and February), Equinox (March, April, September,
October) and June solstice (May, June, July, August). The mean of the daily maximum
values of effective height in the respective seasons are represented by the bar graph in
Figure 4.22. The daily maximum is observed to be highest at the equinoxes than
during the solstice months. Equinox values are higher than solstice values because
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during equinox, the sun is overhead the equator and lasts for more hours, making the

rate of photoionization at the equator higher compared to the solstice months. This

leads to increased height of the ionosphere brought by the enhanced photoionization

during equinoctial months compared to solstice months.

Using the value of effective height obtained from all GNSS-TEC techniques, the sea-
sonal variation was investigated using one station around the trough that had all the

data for the years of study. In this case ADIS was selected. The mean and standard

deviation of the values of effective height of each day were calculated. The coefficient
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of variation of the daily values of effective height were determined using the equation,

Coefficient of variation = (z—d X 100) % (4.1)
d

where d, is the daily standard deviation of of effective height, and 4 is the daily mean of
the effective height. The results of the coefficient of variability are shown in Figure 4.23.

The results indicate that the values of h demonstrate significant variability on a daily
basis across all seasons. The least variability is recorded in the months of February and
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December, while the highest coefficient of variation is registered in June and October.
This high day to day variability may be attributed to the imbalance between recom-
bination, diffusion and photo ionization as a result of competition between chemistry
and the transport responsible for the formation of an electron-density maximum in the
F2 layer (McElroy, 2012).

4.3.3 Spatial Variation of Effective Height

To study the spatial variation of effective height, stations were grouped into two: the
magnetic equator stations or stations at the trough (ADIS and NAZR) and the crest
stations (ARSH,DODM and MTDK). The Crest to Trough ratios (C2T) of h,, were
determined. The C2T is determined by dividing the hourly mean of effective height
h.m for the stations at the crest, by the hourly mean of h,, for stations at the trough.
Figure 4.24, shows the diurnal variation of C2T for all the days of the year 2014. The
C2T reduces gradually from a value of 1 at 01: 00 UT to a minimum of about 0.65
at 08:00 UT (Figure 4.24). This implies that the value of h,, recorded at the trough
was higher than that at the crest, a typical indication of the day-time ionospheric up
welling around the magnetic equator due to E x B drift (Balan and Bailey, 1995). The
ratio then rises steadily, maximizing at around 15:00 UT (18:00 LT) to a value of 1.2
as the sun sets. The increase in the ratio is associated with the downward diffusion
of the ions along the magnetic field lines to the anomaly crest regions, increasing the
effective height of the ionosphere around the crest. This phenomenon maximizes at
sunset (18:00 LT), when the plasma drift is enhanced due to the enhancement of electric
field triggered from a sharp day to night E-region conductivity (Tilahun and Mezgebe,



2019; Fejer et al., 2008).

From the different techniques discussed, the effective height of the ionosphere deter-
mined for the period from January 2022 to March 2024 was used to model the effective
height over the region as discussed in the following section.

4.4 Effective Height Model for East African Region

Measurements of shell height of the ionosphere has been going on for a long period
of time, especially to map TEC (Zhao and Zhou, 2019). However, the high cost
of infrastructure needed to determine this height has made it very difficult to have
adequate coverage of these measurements in the world. The model inputs are discussed
in the following subsection.

4.4.1 Model Input Selection

The results obtained in section 4.3 showed that the ionospheric effective height over
the East African region is highly variable, and the variation is either periodic (diurnal
and seasonal) or random (solar and magnetic dependent). The random variation of
effective height is associated with solar and geomagnetic activity (Georgieva et al.,
2006), whose level was measured by parameters or indices listed in Section 3.5.

The most appropriate inputs for ANNs model, out of the nine variables listed in
section 3.5, were determined by their coefficients from the regression Equation 3.20.
The coefficients of the nine variables are presented in Table 4.8.

Table 4.8: Coefficient of the parameters used in regression analysis

Coeff Qo a) as as ay Qs Qg ay ag Qg Qo

Value | 280.58 | 1.80 | -41.7 | 2.88 | 21.81 | 3.47 | —1.1 x 10~® | 0.0011 | 0.023 | -0.017 | 0.182

The values of the coefficients of some of the input parameters are so small, implying
that their contribution to the variation of effective height is negligible. For example,
coefficients represented by ag, a7 and ag corresponding to proton temperature, solar
wind speed and Dst index are very low. These parameters do not significantly influence
variation of effective height, and were not considered in the ANN. The variables that
were considered are: hours (Hr), day of the year (DoY), sun spot numbers (ssn) and
solar flux f10.7 (f10.7). These four parameters became the model input for the artificial
neural network model discussed in the subsection that follows.

4.4.2 Artificial Neural Network Model

Out of the four parameters considered, two are periodic and the other two are random.
The hours together with the day number of the year that represent the periodic input



were split into cyclical cosine and sine components (Hrc and Hrs for hours and dyc
and Dys for days of the year) in order to take into account the adjacency of the last
hour of the day and the first hour of the next day (Jasinski, 2022; Sabzehee et al.,
2018). The random parameters were used to train the neural network, and establish
the variational relationship of effective height using non-linear mathematical modelling,
and inter-connectivity between input and output parameter. This was mapped with
the aid of different layers and neurons.

To choose a particular architecture used to train data, the most suitable values of
the architecture had to be determined as discussed in the following subsection.

4.4.2.1 Optimization of ANN Nodes

Before the actual training of the data, the parameters of the ANNs architecture were
optimised to get the most suitable for the data. The data set was first divided into
three: training data, validation data and testing data in the ratio of 70%, 25% and
5% respectively. As it is always the case for NN, there is no standard for defining
the number of hidden layers or neurons within the network architecture (Habarulema
et al., 2011). Depending on the nature of the data, the best number of neurons or
hidden layers were arrived at by “trial and error”. Several NNs were trained and
verified in an effort to find a suitable architecture for the optimum solution. During
optimization, a variable number of neurons were set at the first hidden layer and the
rmse for both the training data and validation data sets were obtained at the output
layer (see Figure 4.25).

3 Optimizing number of neurons

training values
validation values

e

0 20 40 60 80 100
Number of neurons in the hidden layer

Figure 4.25: rmse between training/validation data set and the respective predicted number
of neurons when hidden layers are kept constant



The number of neurons in the first hidden layer that gave the least rmse between
training data set and validation data set is about 22 (Figure 4.25). In this case,
22 neurons were used at the first hidden layer to train the data set. Similarly, to
find the optimum number of hidden layers, all inputs were fed into the network, and
the hidden layers were varied with the number of neurons, giving predictions for the
validation data. Statistical analysis using rmse was implemented to determine the
suitable architecture, where by the training halts when rmse is minimum to avoid
memorisation (Heng et al., 2022). This gave 3 as the optimum number of hidden
layers, with the other two each having 5 neurons. Therefore, the final architecture
used to train a feedforward neural network were 6 nodes at the input layer, and three
hidden layers. The first hidden layer contains 22 neurons, and the subsequent two layers
each contain 5 neurons, while the output layer contains only one node of the predicted
value of effective height h (6 = 22 - 5 — 5 — 1) as summarized in Figure 4.26. The

Hidden layers

Hidden 1 Hidden 2 Hidden 3
1

Input layer

\ Output layer
™~ \
Ok

Figure 4.26: An illustration of the final architecture adopted for the neural network model.
It has three hidden layers and six input nodes.

measured values of the six inputs were processed through the artificial neural network
using the specified architecture, and the predicted values were obtained. The quality
of the predicted values were then investigated as discussed in the following subsection.

4.4.3 Validation of the Model

To test the performance of the model, hmF2 recorded at the Malindi ionosonde for
the month of April 2024 (since the data used to train the model was up to 31 March
2024) was compared with the model predicted values. Figure 4.27 shows both the hmF2
recorded by the ionosonde and the predicted values over Malindi for days of April 2024
when the station recorded more ionograms. The predicted values of hmF2 mimic the
diurnal trend of the ionosonde hmF2 values. The pattern shows two minima, one
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Figure 4.27: Diurnal variation of observed and modeled hmF2 of the AIS ionosonde
measurements

around 04:00 UT (dawn) and the other at about 21:00 UT (midnight). The maximum
height is experienced between 09:00 UT and 17:00 UT. The model, however, predicts
higher values during the morning hours (01:00 UT to 05:00 UT) for all selected days.
This occurs because, during this period, there is no sunlight, yet the parameters used
to construct the model are solar-dependent. during the day time, the model prediction
is in aggrement with the measured values.

4.4.4 Comparison of the ANN model with IRI

The peak heights and electron densities of IRI over the geographic coordinate of
Malindi ionosonde (40.19°E, 2.99°S) were downloaded for the month of April 2024.
The hmF2 for a given hour provided by IRI were compared with both the ionosonde
measured values and the predicted values of the proposed model. The results are
shown in Figure 4.28. Both IRI and the proposed model gave consistent predictions
before 12:00 UT. IRI predicted higher values of hmF2 compared to the proposed model
between 12:00 UT and 20:00 UT. This shows that the proposed model performs better
than IRI between 12:00 UT and 20:00 UT for prediction of hmF2. Outside this range,
the prediction of the two models are very close to each other. Similarly, the values of
rmse for both IRI and the proposed model, shown in Figure 4.29, indicate that the
rmse values are minimum between 08:00 UT and 17:00 UT for the predicted values,
and instead maximum for IRI in the same time period. The period between 08:00 UT
and 17:00 UT, corresponding to the hours when hmF2 is maximum, implying that the
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Figure 4.28: Comparison of the diurnal variation between model predicted values of hmF2
and values from both ionosonde and IRI
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Figure 4.29: Variation of rmse between IRI and predicted values

model prediction is more accurate than the IRI predictions, when hmF2 values are
high. This better prediction could be because the model is purely solar dependent.



Chapter 5: Conclusions and Recommen-

dations

5.1 Conclusions

GNSS receivers and two ionosondes in the East African region were used to characterise
and model the effective height of the ionosphere over the East African low latitude
region. The ionosonde data provided the reference to validate the effective height of
the ionosphere.

The effective height falls in a range between 350 km to 500 km, with a modal value of
400 km.

The values of effective height exhibited temporal and spatial variation. The effective
height of the ionosphere has a minimum value before sunrise (04:00 UT). It then rises
steadily to a maximum between 09:00 UT and 16:00 UT. The value then falls sharply
beyond 16:00 UT to another minimum at 21:00 UT. The seasonal variation shows
slightly higher values at equinox compared to solstice months. For the spatial variation,
ionospheric effective height over the low latitude region of East Africa is higher at the
geomagnetic equator during day-time compared to that at the crest of the anomaly
region, and vise versa during night.

The model predicted values of the effective height are generally in good agreement
with the observed hmf2 from the ionosonde.

5.2 Recommendations

The study found out that the effective height of the ionosphere over the East African
region is time dependent and therefore falls in a range. It therefore suggests that the
value of 350 km can still be used over the region only for the night time ionosphere.
The most appropriate value over East African region is 400 km.

The study also used hmf2 values from a single ionosonde station to develop station
specific ionospheric height model. With the number of ionosonde stations begining to
increase in the region, there is need to extend this study by considering many more
stations to examine the spatial variation over the region.
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