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Abstract

This thesis presents the first results of a climatology of nighttime thermospheric neutral winds
between February 2018 and January 2019 measured by a Fabry-Perot interferometer (FPI) in
Sutherland, South Africa (32.2°S, 20.48°E; geomagnetic latitude: 40.7°S). This FPI measures
the nighttime oxygen airglow emission at 630.0 nm, which has a peak intensity at an altitude
of roughly 250 km. The performance of the Horizontal Wind Model (HWM14) was evaluated
by comparing results from HWM14 with the FPI measurements. The results showed that the
model had a better agreement with the measurements for meridional component compared
to the zonal component. In addition, the HWM14 zonal wind consistently peaked several
hours (~3 h) prior to the measured wind, creating what looks like a phase shift compared to
the measured wind. An investigation of this apparent phase shift revealed it to be a conse-
quence of a difference in phase shift of the terdiunal tide. Since ionosondes are more prolific
with wider temporal and spatial coverage than FPIs, nighttime meridional winds aligned to
the magnetic meridian were inferred from the peak height (hmF2) of ionospheric data taken
from South Africa ionosonde network using the servo model during February 2018-June 2019.
These were compared with FPI measured meridional wind and benchmarked with HWM14
and Magnetic mEridional NeuTrAl Thermospheric (MENTAT) model. The amplitudes and
trends of the calculated meridional winds across all four ionosonde stations agreed relatively
well with the observed data, especially during the summer months. Furthermore, the results
confirmed that the ionosonde station located closest to the FPI, i.e. Hermanus station, had
better agreement with measurements compared to the stations located at further distances.
The extraction and analysis of atmospheric tides, namely the diurnal, semidiurnal, terdiurnal
and 6-hour components from the FPI as well as the long-term tidal winds variations from the
thermospheric wind measurements were investigated. The results showed that the semidiur-
nal peak mostly had the highest peak across all the months, indicating that the semidiurnal
tides dominate the dynamic structure of the upper mesosphere at midlatitudes, consistent
with previous observation over midlatitudes. Futhermore, the signature of the diurnal tide
in the meridional (zonal) wind was stronger in winter (summer) and weaker in summer (win-
ter). Also, semidiurnal tide didn’t show any trend with season, while the terdiurnal tide was
dominant in summer (zonal) and winter (meridional). Lastly, the 6 hour tide was detected
intermittently during the period of the study and had the weakest signature (i.e. lowest

amplitudes).
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Chapter 1

Introduction

The Earths atmosphere is a mixture of different gases, particles and aerosols collectively
known as air, which envelops the Earth. It contains several highly concentrated gases, such
as nitrogen (Ns), oxygen (Os), and argon (Ar), and many trace gases, among them are water
vapour (H20), carbon dioxide (C'Os), methane (CHy), and ozone (O3). The atmosphere
can be conveniently described by the variation of its composition, density, pressure and tem-
perature with altitude, the latter being widely used to describe its different layers (H&usler
et al., 2007; Prolss, 2004). The factors that play a significant role in atmospheric tempera-
ture variations include direct absorption of solar radiation, heating of the lowest layer on the
Earths surface, and re-absorption of atmospheric infrared radiation primarily, reflected by
atmospheric water vapour (Prolss, 2004). The Earths atmosphere is made up of five regions
based on the altitude variation of temperature, as shown in Figure 1.1. The troposphere is
the lowest atmospheric region and has a temperature gradient of -10 K/km at altitudes from
the ground up to ~10-12 km. In this region, the atmosphere cools with increasing altitude
until the absorption of ultraviolet solar radiation by ozone becomes important and the tem-
perature increases, at which point the layer terminates. The stratosphere, a region where
the temperature increases with altitude up to a maximum of about 270 K, lies above the
troposphere and ends at an altitude of roughly 45-50 km. The mesosphere is the region of
decreasing temperature with altitude and is located between 45 and 85 km. It is considered
the coldest part of the Earth’s atmosphere, with a minimum temperature found at around 85
km. The thermosphere is the region above the mesosphere where at an altitude roughly above
160 km the absorption of extreme solar ultraviolet (EUV) radiation causes the temperature
to increase again until asymptotic to a constant value. The positive temperature gradient
leads to temperatures greater than 1000 K in this region. The dominant constituents in this
region are the molecular nitrogen (NV3), atomic oxygen (O), and molecular oxygen (O3), and

the minor constituents are helium (He) and argon (Ar) among other species.

The ionised part of the atmosphere, known as the ionosphere, sits across the mesosphere and
the thermosphere with the largest part found in the latter. The ionosphere is electrically

conductive and supports strong electric currents. It also plays an essential role in radio wave



applications, as it can affect radio propagation. Above the thermosphere is the exosphere, a
region at an altitude above 1000 km. It is usually defined as the region where the neutral
density is so low that the atmosphere no longer acts like a fluid, and kinetic equations are
necessary (Banks & Kockarts, 1973; Hargreaves, 1992).

Figure 1.1: Typical profiles of neutral atmospheric temperature and ionospheric plasma
density with the various layers designated. Figure adapted from Kelley (2009).

The thermosphere is of particular interest to this dissertation, because it contains the highest
density plasma in geospace (the region of the outer space near Earth) and therefore con-
tributes to space weather. Space weather refers to the Sun-driven variability in the Earths
magnetosphere, thermosphere, and ionosphere that can affect the functioning and reliability
of space-borne and ground-based systems and the services they provide, and which may lead
to socio-economic losses (Nwankwo & Chakrabarti, 2018). Numerous studies have been made
on a broad international level on how to understand and mitigate its impact on technical
systems and to forecast its behaviour (e.g. Balan et al., 2014; Baker & Lanzerotti, 2016;
Nwankwo & Chakrabarti, 2018).

In the past few decades there has been an increase in technologies that rely on these space-
based systems, e.g., global navigation satellite systems, communication, and earth observa-
tion satellites. It is therefore of huge importance to understand the dynamics of thermosphere-
ionosphere, and how it influences these technologies. For example, the thermosphere-ionosphere

system regulates energy transfer from space to the atmosphere and vice versa, and causes



variations in satellite drag (Harding, 2017). Studying the motion of neutrals, i.e., neutral
winds, can help better understand the thermosphere’s underlying physics due to the higher
concentration of neutrals present. Rees (1995) and Heelis (2004) reported that neutral winds
greatly influence the dynamics in the upper atmosphere as they play a crucial role in the dy-
namics of the ionospheric F region as well as in the generation of electric fields and currents,
instabilities, and Joule heating. Despite their significant contribution to ionospheric dynam-
ics, themospheric winds are generally an insufficiently sampled parameters in the Earth’s
upper atmosphere. The most common instrument that measures the motion and tempera-
ture of the neutrals directly is the Fabry-Perot interferometer (FPI) which can be located on
the ground or on-board satellites, such as the lonospheric Connection Explorer (ICON) and
Thermosphere-lonosphere-Mesosphere, Energetics and Dynamics (TIMED) (Emmert et al.,
2002; Hausler et al., 2007; Yu et al., 2014; Fisher et al., 2015). Most of the climatologi-
cal studies of these neutral parameters have been conducted over the American and Asian
longitudinal sectors, as well as the European mid-to-high latitude regions with the African
continent largely unrepresented (e.g. Fisher et al., 2015; Yu et al., 2014; Xu et al., 2019).
However, over the past decade, there have been several FPI deployments in the African con-
tinent, making it possible to study neutral winds over the African sector. One of the first
studies to report wind climatology over the African continent was by Fisher et al. (2015),
using FPI measurements over Morocco, North Africa. Subsequent studies have been con-
ducted by Tesema et al. (2017), Kaab et al. (2017) and Sivla et al. (2019) and Rabiu et al.
(2021) over Ethiopia, Morocco and Nigeria respectively. Still, there has not been a detailed
climatological study of neutral winds over the southern midlatitude region in Africa due to
lack of observations. This has changed with the deployment of an FPI at Sutherland (32.2°S,
20.48°E; geomagnetic latitude: 40.7°S) in January 2018. Therefore, this thesis will investi-
gate neutral wind variability, as well as tidal influence on this variability over South Africa
using this instrument. Tidal signatures and their variability have been studied by means
of different instruments and models across different latitudes, except over South Africa (e.g.
Amayenc & Reddy, 1972; Forbes, 1982; Fisher et al., 2002; Wang et al., 2021).

1.1 Thesis Objectives

The main aim is to determine wind variability over South Africa and the factors that influence
it. This project focuses on wind variability during quiet geomagnetic conditions, meaning
our interest is mainly in the effects of waves from below on this variability rather than

magnetospheric input from above. The objectives are:

e Derive thermospheric winds from the FPI located at Sutherland.



e Derive thermospheric winds over South Africa from ionospheric parameters measured

by ionosondes in the South African ionosonde network.

e Extract and analyse signatures of atmospheric tides in the measurements of the ther-

mospheric winds and determine their variability.

1.2 Thesis Overview

A brief theory of the thermosphere-ionosphere is given at the start of Chapter 2, which in-
cludes an overview of layers of the ionosphere and airglow, a crucial part of studying the
thermosphere using a FPI. Thermospheric winds and atmospheric tides are discussed in the

nal section of Chapter 2.

Chapter 3 will present the Instruments and data analysis. Then the theory, design, operation,
and data processing behind the FPI and its use in measuring the thermospheric winds are
discussed. A denition of ionosonde is given as this provides the measurement of hmF2 that
would be used in the derivation of the meridional neutral wind, the principle of ionospheric
sounding, and the ionograms and its interpretation are given, a derivation of ionosonde de-
rived meridional neutral wind: servo model is given. Different space weather indices such as
Kp, Ap indices, and Solar radio index (Fiq7) used to determine the space weather conditions

are discussed. Finally, Chapter 3 comes to an end with data analysis techniques.

Chapter 4 presents the first climatological study of thermospheric winds over Sutherland,
South Africa. Since FPI was used to validate HWM14, a brief description of HWM was
given. Results of night-to-night variability of thermospheric winds and monthly averages of
meridional and zonal winds were given. The discrepancies observed in the HWM14 zonal
wind were investigated, and brief HWM14 correction: the terdiurnal tide was also presented.

Lastly, a summary (discussion) of the results was presented.

An ionosonde-derived meridional neutral wind is explored in Chapter 5. This wind is derived
using the hmF2 obtained from the South Africa ionosonde network since this model requires
input parameters from other atmospheric models. Therefore, a brief discussion of the Mass-
Spectrometer-Incoherent-Scatter (MSIS), the International Reference Ionosphere (IRI), and
International Geomagnetic Reference Field (IGRF) models are given. One of the models that
will be used to benchmark the servo model-the MENTAT model was briefly discussed. Data
Analysis and comparison of different models were presented. The chapter is concluded with

a summary of the results and conclusions.



Chapter 6 presents tidal variability in the thermospheric wind. Extraction and analysis of
atmospheric tides, namely the diurnal, semidiurnal, and terdiurnal components, were done
using the Lomb-Scargle spectrogram. Therefore, a brief discussion on this spectrogram was

given. The chapter is concluded with a summary of the results and conclusions.

In Chapter 7, a summary of all the results and conclusions drawn are given. A brief discussion

of possible future work and recommendations is also presented in this chapter.



Chapter 2

Theoretical background

In this chapter, the theoretical background of the thermosphere, ionosphere, thermospheric
wind, and the airglow is described. In addition, an overview of basic terminology and math-

ematical formulations for thermospheric winds and atmospheric tides is presented.

2.1 Theory of the thermosphere-ionosphere

The thermosphere is a region of Earths atmosphere exhibiting low neutral density and strong
coupling with the ionosphere. In a steady-state atmosphere the various gases in the thermo-
sphere are in thermal equilibrium with each other and therefore fluid dynamic principles are
valid. Figure 2.1 shows the exponential decrease of the neutral density (n) with height, as
well as that of the densities of a few species found in thermosphere (e.g., O, O, Ny, He, Ar).
This figure shows that the atomic oxygen (O), produced as a result of photodissociation of
molecular oxygen (0;), is the most dominant neutral species above approximately 200 km.
At lower thermospheric altitudes N is the most dominant species between 100 and 200 km,

while O, is the most dominant species below 100 km, as also seen in Figure 2.1.

The energy source in the thermosphere is mainly the activity of the sun. The solar ultra-
violet (UV) and extreme ultra-violet (EUV) radiations from the sun are responsible for the
high temperatures observed in the thermosphere. Photochemical processes are the means
by which this energy is transferred to the various thermospheric constituents in different
latitudes. In addition, on a global basis, heating by various sources is essentially balanced
by the downward thermal conduction and the radiative cooling by species such as nitric ox-
ide, and results in the observed thermal structure of the thermosphere. Killeen et al. (1987)
presents an excellent review on the global energy balance of the thermosphere, taking into ac-
count the various sources and sinks. The absorption of solar energy by different regions of the

thermosphere generates pressure gradients on a global scale that drive neutral air circulation.

The thermosphere is coincidental with the ionosphere, a lightly ionized plasma region, i.e.

comprising generally an equal number of free electrons and ions therefore electrically neu-
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Figure 2.1: Typical number density profiles for neutral constituents in the thermopshere at
an altitude of 100 to and 500 km, adapted from Prolss (2004).

tral, located at about ~ 50-1000 km in altitude. The ionosphere has a sufficiently large
concentration of plasma to affect the propagation of radio waves (Hunsucker & Hargreaves,
2007). Historically, Appleton & Barnett (1925) and Breit & Tuve (1926) were the first to
use ionosondes to experimentally confirm the existence of the ionosphere. Since then, the
ionosphere has been a subject of intensive study for its different roles in radio wave propa-
gation and the need to fully understand space weather dynamics. As a refractive medium
to radio waves, the ionosphere also affects a wide range of radio frequencies, from extremely

low frequencies ~ 3 kHz to super high frequencies ~30 GHz (Davies, 1990).

The ionosphere is created by photo-ionisation, whereby extreme ultra-violet (EUV) radia-
tion and high energy solar particles interact with the atoms/molecules in the mesosphere
and thermosphere, which results in the electrons being stripped away from the parent atoms
and molecules, creating a number of free negatively charged electrons and positively charged
ions. The net value of the number of free electrons and ions in the ionosphere is determined
by the rate of photo-ionisation and the rate at which specific species of ions recombine with
electrons to form neutral atoms, through a process called recombination (McNamara, 1991;

Baumjohann & Treumann, 1997).



Due to the varying chemical composition with altitude, different ionisation layers or regions

are produced within the ionosphere, as illustrated by Figure 2.2 and detailed below:

e D layer: This layer has an altitude range of ~ 50 km to ~ 90 km. In this layer,
ionisation is mainly by galactric cosmic rays and solar hard X-ray radiation, and is
associated with NO, and at high solar activity with Ny and Os, to produce positive
ions NOT, OF , and N, (Zolesi & Cander, 2014; Harding, 2017). This lower part of the
ionosphere is weakly ionised due to the high neutral density in this layer, resulting in
a high collision rate between electrons and neutral atoms and molecules, leading to a
high recombination rate, and therefore tends to disappear during nighttime (Rishbeth
& Garriott, 1969; McNamara, 1991). The other consequence of high neutral density in
this layer is the absorption of high frequency (HF) radio signals, generally around 10
MHz and lower (McNamara, 1991).

e [ layer: This layer of the ionosphere falls within altitudes of ~90-140 km. Ionisation in
the E layer is mainly soft X-rays and UV solar radiation of molecular oxygen, to produce
NO*, OF, and N7 (McNamara, 1991; Moldwin, 2008). Dense ionisation may cause
HF radio waves to be reflected in long-distance communication (Rishbeth & Garriott,
1969).

e | layer: This layer is located between 140 and 600 km in altitude and is produced
by EUV radiation. The principal ionisation of atomic O results in the formation of
oxygen ion (O7), and an electron. One of the intriguing features of the F-layer is the
large variability it exhibits in its vertical motion, since transport processes, namely,
diffusion and plasma drifts, compete with the photo-ionisation and recombination loss
processes to take control of the behaviour of the entire F-layer. The F layer is present
during the day and at nighttime. During the day, usually at noon, when the ion
production rate is greatest, the F-layer splits into F1 and F2. This layer is a major
segment of the terrestrial ionosphere and the most important from the point of view
of radio communication and navigation systems (Zolesi & Cander, 2014). This layer is

embedded in the thermospheric region, a crucial part of this work.

e Topside ionosphere: This region lies above the peak of the F2 layer and may extend
to 1000 km. The electron density decreases sharply in this region to reach a minimum
at higher altitudes. The topside ionosphere is characterised mainly by the presence
of more H™ ions than O ions and subsequently H' ions are more dominant in the
plasmasphere. Above the topside ionosphere is the plasmasphere, which forms the
boundary of the ionosphere and extends into the outer space (Rishbeth & Garriott,
1969; Ratcliffe et al., 1972; Liu et al., 2007).
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Figure 2.2: A schematic illustration of the ionospheric structure and the plasma density for
both day time and night time, adapted from Kelley & Ulwick, 1988.

The various layers of the ionosphere, as discussed above, prove that the ionosphere is not
stable. The variation in the ionosphere is interlinked with the sun and its activity under
different space weather conditions. As a result, the ionosphere varies with time of day, season,
geomagnetic activity and solar cycle. In addition, the ionosphere has distinct features in
different latitudinal regions. The ionosphere and thermosphere are closely coupled, therefore,
the study of the motion and behaviour of neutrals to better understand the motion of the
plasma is possible. In this work, measurements of the F2 layer would be used to infer the
movement of neutrals in the thermosphere, specifically measurements of the peak height of the
F2 layer would be used to derive meridional neutral winds. The study of the thermospheric-
ionospheric region is of particular interest, because it contains the highest density plasma
in geospace, which affects propagation of radio signals which are also used by satellites.
These satellites provide applications and technology that human life relies on for day-to-day
activities. In addition, the thermospheric-ionospheric region is the home to many low-Earth
orbit (LEO) satellites, that experience the effects of thermospheric winds and satellite drag
that occur in this region (Harding, 2017; Chu, 2019).



2.2 Airglow

Airglow, otherwise known as “nightglow”, occurs when various molecules are excited by pho-
toionization during the daytime, and at night these molecules gradually release excess energy
in the form of light (Herzberg & Spinks, 1944). Knowledge of natural chemiluminescence
(airglow) is important in studying the thermosphere by means of a Fabry-Perot interfer-
ometer. The importance of airglow emission spectroscopy in monitoring the thermosphere
and its various emission lines with their relative intensities was demonstrated and presented
by Babcock (1923) and Chamberlain (1961). Measurements of Doppler parameters on the
atomic oxygen green 557.7 nm, 630.0 nm, and 777.4 nm lines were made by several studies
(e.g. Babcock, 1923; Bens et al., 1965; Biondi & Feibelman, 1968; Rishbeth & Garriott, 1969;
Hernandez & Roble, 1976; Sipler & Biondi, 1978; Hernandez & Roble, 1979 ; Burnside et al.,
1981; Meriwether Jr et al., 1983; Yagi & Dyson, 1985; Cogger et al., 1985; Gurubaran, 1993;
Fisher, 2013). However, since the wind measurements used in this study are obtained from
observations of the 630.0 nm redline emssions, this section focusses mainly on this emission.
In addition, 630.0 nm redline emissions has its peak within the thermosphere (an altitude of
above 200 km during nighttime), where oxygen is the dominant species (Fisher, 2017). This

emission is described by:

O('*D) — O(*P) + hv, (2.1)

where the photon (hv) emitted occurs at ~ 630.0 nm with a rate coefficient of Agzg. The
excited oxygen is mainly produced through the dissociative recombination of O (Hays et al.,
1978; Link & Cogger, 1988):

Of +e- = 0(S,'D?P)+0O(P). (2.2)

The main source of O(*D) is limited by the amount of OF reactant in this process. This is

produced through an ion exchange with an ionised oxygen atom (Prolss, 2004):

O"+0, = O0+05. (2.3)

However, this is not the only source of the excited oxygen, as it is also produced through the

photodissociation of Oy, as follows (Hays et al., 1978):

Oy + hv — O(*D) + O(3P). (2.4)

Also, the reactions below cause the O(1D) to be depleted before it can successfully emit a

photon:
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O('D) + Ny — O(*P) + N,
O('D)+e” — OCP)+e .
Using the above equations, in addition with the laboratory-measured reaction rate coefficients

(k), the volume emission rate (Vg39) or intensity of the nighttime redline emission can be
calculated by using the method described by Link & Cogger (1988), as follows:

A63051k1 [02] [O+]
AID + k?g[Ng] + ]{74[02] + ]{75[6]’

where 3 is the production efficiencies of O(*D), N(2D) from dissociative recombination of

Viso = (2.6)

Of and NOT, and A;p accounts for the loss of O(*D) through spontaneous emission at
multiple wavelengths (e.g., 630 nm) and the k; (: = 1,2,...,5) are the laboratory-measured
reaction rate coefficients. Table 2.1 gives the values/equations for the production efficiencies
and the various reaction coefficients, as well as their respective units. Equation 2.6 indicates
that the production of a 630.0 nm photon is affected by plasma and neutral conditions in the

thermosphere.

Table 2.1: The reaction rate coefficients for 630.0-nm emission after Link & Cogger (1988)

Coefficients Value Units
A630 5.15 x 1073 1/S
AlD 6.81 x 1073 1/S
51 1.1

ky 3.93 x 1071263.72/@/300)4.87/(Ti/300)2 cm3/s
ks 2.00 x 107 eHH-8/Tn em? /s
ks 2.90 x 10711875/ Tn em? /s
ks 1.60 x 107127991 em3 /s
T; Ion Temperature K

T, Electron Temperature K

T, Neutral Temperature K

The redline emission peaks are typically located around 250 km, due to the balance between
ion and neutral concentrations, in a similar manner as the ionosphere forms due to the bal-
ance between solar energy and particle density (Harding, 2017). As these two concentrations
vary, so will the redline peak-altitude shift. For instance, if the plasma density decreases,
it results in a decrease in electron density, dissociative recombination and OV ions leading
to a decrease in airglow intensity of the redline emission. In addition, less airglow intensity

could be due to a drop in neutral collision rate, due to an increase in the F layer peak height,
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resulting in a reduced ion exchange. Furthermore, less airglow intensity could be attributed
to changes in the thermospheric neutral composition, causing an increase in the depletion of

excited oxygen, as can be deduced from equation 2.5.

2.3 Thermospheric Winds

Thermospheric neutral wind is defined as the mean velocities of particles within a small par-
cel of air (Harding, 2017). Thermospheric winds, often written as U, are represented as a
vector (u, v, w), where u represents the zonal wind component (defined positive eastward), v
represents the meridional wind component (defined positive northward) and w is the vertical
component (defined positive upward). The major purpose for studying the thermospheric
winds is the dynamo process in the thermosphere, through which the mechanical motion of
the neutral particles creates an electrical forcing, instabilities, Joule heating and influences
the dynamics of the ionospheric F-region (Rees, 1995; Heelis, 2004; Fisher, 2013). For exam-
ple, Hanson & Moffett (1966) showed that neutral winds can account qualitatively for the
day-to-night changes in the height and density of the ionospheric F2 peak, while Emmert
et al. (2006) reported that neutral winds play an important role in the transport of iono-
spheric plasma along magnetic field lines. The alteration of ion densities in the F2 region
that affects the rate at which the O ions diffuse downward is caused by the component
of the neutral wind along the magnetic field (Heelis, 2004). Martyn (1956) opines that the
processes responsible for the vertical motion of the F2 layer are the drifts imposed by elec-
trodynamic forces and the winds associated with the ionospheric electric current systems
which are manifested as the daily magnetic variations at the ground. Thermospheric winds
are responsible for the redistribution of heat, transferring energy from the warmer dayside
toward the cooler nightside of the thermosphere. Also, inhomogeneities in ionisation densi-
ties produce drag effects on the neutral air motion that may lead to localised heating and

associated circulation (Dickinson et al., 1971; Gurubaran, 1993).

Thermospheric winds are generated primarily by pressure gradients due to changes in tem-
perature that are mainly driven by solar heating (Brum et al., 2012). In addition, other
forces that contribute to thermospheric wind dynamics include, gravity, the Coriolis force,
ion-neutral collisions, and the viscosity of air (Rishbeth & Garriott, 1969; Rishbeth, 1972).
The pressure gradient forces zonal winds, causing an eastward wind during the early dusk
that eventually shifts slightly westward in the early morning. Another factor that affects
the direction and magnitude of the thermospheric wind depending on altitude and height, is
the Earth’s angular rotation about a vertical axis. This apparent force (as viewed from the

rotating system) deflects all free-moving particles to the right of their path of motion in the
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northern hemisphere and to the left in the southern hemisphere. The ratio of the Coriolis
force to ion drag determines the direction of the thermospheric wind. Ion drag caused by
neutral-ion collision tends to slow down the neutral particles. The viscous drag force is a
mechanism that converts the kinetic energy of moving objects into thermal energy. The force
of gravity predominantly balances the vertical pressure gradient, so it causes minimal air
movement. Since the gravitational force balances the vertical pressure gradient force, the
neutral winds are assumed to be horizontal (Rishbeth, 1972). At night, the acceleration is
slow, and it is affected by viscosity (Rishbeth & Garriott, 1969). Gravitational acceleration
is caused by force per unit mass exerted on the atmosphere by the Earth’s gravitational
attraction. The kinematic viscosity plays a crucial role, particularly at high altitudes where

the density drops off.

The equation for motion below describes the influences of these forces on the winds (Rishbeth,
2000):
dU

%:VP—ZQXU—V(U—V)+HV2U+g, (2.7)
P

where
dU .
E: acceleration,

P: pressure gradient force per unit mass,
2€) x U: coriolis acceleration,

v(U —V): ion drag,

’;‘VQU: viscous drag,

g: gravity,

2. Earth’s angular velocity,

v: neutral-ion collision frequency,

V :ion drift velocity,

w: the dynamic viscosity,

p: neutral mass density;,

% :the kinematic viscosity.

While these terms describe the circulation that occurs in the thermosphere, there are still
many other drivers that cause spatial and temporal variation in the neutral winds, which
hugely impact different interaction within the thermosphere-ionosphere. It is therefore cru-
cial to make measurements of the winds to investigate further potential causes and factors

influencing them.
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Direct measurement of thermospheric winds are done using a Fabry-Perot interferometer
(FPI). Indirect measurements of the thermospheric winds are done using measurements of
the maximum height of the ionospheric F2 layer (hmF2) obtained from instruments such as
ionosondes and incoherent scatter radars. Where there is a lack of instrumentation, models
such as the Horizontal Wind Model (HWM) (e.g. Drob et al., 2015), and Thermosphere Iono-
sphere Electrodynamic General Circulation Model (TIE-GCM) (Richmond et al., 1992) are
used. While there are various methods used to derive thermospheric winds from ionospheric
measurements, this work focusses on the method developed by Rishbeth (1972), which will be
described in the next chapter. In addition, wind models developed by Drob et al. (2015) and
Dandenault (2018) are also used in this study for validation purposes and will be discussed

in detail in chapters 4 and 5.

2.4 Atmospheric Tides

Atmospheric tides are global-scale oscillations that arise primarily as a result of solar heat,
wind or lunar influences (Schunk & Nagy, 2009). The main source of atmospheric tides is
heating associated with the absorption of solar radiation by water vapor and ozone in the
troposphere. However, they can also be excited in situ in the thermosphere by the absorption
of local thermospheric UV and EUV solar radiation and by high-latitude ion-drag momentum
coupling (Parish et al., 1990). Theoretical descriptions of atmospheric tides have been pre-
sented by Chapman & Lindzen (1970), Forbes (1982), Forbes et al. (2008), and Wang et al.
(2016)). Atmospheric tides have also been derived from different observations (e.g. Amayenc
& Reddy, 1972; Portnyagin et al., 1993; Merzlyakov et al., 2009; Oberheide et al., 2002;
Oberheide et al., 2011). There is considerable theoretical and experimental evidence that
neutral motions in the thermosphere consists predominantly of tidal periods and a steady or

slowly varying component (Amayenc & Reddy, 1972).

Atmospheric tides accelerate the mean flow and heat of the atmosphere, and modulate atmo-
spheric gravity waves. Park et al. (2010) presented direct evidence that the winds associated
with non-migrating tides have a direct impact on the F-region ionosphere, in addition to any
effect they may have on the plasma density. In addition, England (2012) presented three
mechanisms by which non-migrating tides may affect the ionospheric F-region density: (1)
advection of the plasma along the geomagnetic field lines at F-region altitudes; (2) electrody-
namic coupling to the E-region dynamo; (3) modification of the photochemical equilibrium.
The study of atmospheric tides has a long and fascinating history, beginning with many years
of barometric observations and in the modern sense, with the development of the classical

atmospheric tidal theory (see the review by Lindzen & Chapman, 1969). Atmospheric tides
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can be classified into two main categories:

e Solar atmospheric tides: are persistent and global variations in atmospheric parame-
ters, such as neutral winds, with periods that are some integer fraction of a solar day
(Oberheide et al., 2015). Solar tides have many modes that are excited, with the most
observed being the diurnal, semidiurnal, and terdiurnal harmonics with periods of 24,
12, and 8 hours, respectively, while the 6-hour tide is observed occasionally. At approx-
imately 250 km altitude, the solar-driven diurnal tide dominates, while between 100
and 250 km both diurnal and semi-diurnal components are present (Schunk & Nagy,

2009).

e Lunar atmospheric tides: are tides with periods which correspond to the period of the
full moon to new moon cycle, i.e. the diurnal tide has a period of 24.8 hours while the
period of the semi-diurnal tide is 12.4 hours. The influences of these tides are largest
at full and new moon (Haurwitz, 1964; Paulino et al., 2013).

Solar and lunar tides are either migrating or non-migrating tides. The migrating tides are
sun-synchronous tides that propagate westward and are constant across different longitudes
when observed at the same local time. They are either gravitationally or thermally in-
duced because the tidal perturbations move westward relative to a fixed location on the
rotating Earth (Oberheide et al., 2002; Schunk & Nagy, 2009). Non-migrating tides are sun-
synchronous tides that can create longitudinal variations in the ionosphere and can affect the
plasma density. Their apparent motion is either slower or faster than the Sun due to linear

interaction with stationary planetary waves (England, 2012).

The following descriptions and derivations follow those contained in Holton (1975) and Forbes
et al. (1995). Navier-Stokes equations are used to form the mathematical basis for atmo-
spheric tides. These equations are linearised to describe the zonal mean state and pertur-
bations from this mean state of the background atmosphere. On the assumption that the
background atmosphere is horizontally stratified (i.e. the zonal mean winds are zero) and
isothermal background atmosphere. By further simplification, the linearised equations for

perturbations in a spherical isothermal atmosphere are:

ou . 1 09
5 2Qusind + ol BN 0, (2.8)
ou : 10d
e + 2Qusing + TN 0, (2.9)
0 9 kJ
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%%(pow) + {% + %Ucos&] acis@ =0, (2.11)
where
u eastward velocity
v northward velocity
w upward velocity
P perturbation geopotential

N? buoyancy frequency square = kg/H
Q angular velocity of Earth
Po basic state density, oc e=*/#
z altitude

A longitude

0 latitude

k R/c, =~ 2/7

J heating per unit mass
a radius of Earth

g acceleration due to gravity
H constant scale height

t

time

Assuming that the perturbations consist of longitudinally propagating waves of zonal wave
number s (defined to give the maxima n of sinusoidal oscillation in longitude), and frequency
o, then the plane wave solution will be described by the following equation (Forbes et al.,
1995):

{u,v,w,®} = {a,0,w, D}exp [i(sh — ot)]. (2.12)

The phase term (sA — ot) is chosen so that the positive (negative) values for o correspond to
eastward (westward) propagating waves, i.e., the real part of equation 2.12 is cos (sA — ot)
and the crest of the wave occurs when A = ot/s. Substituting equation 2.12 into equations
2.8 — 2.11 eliminates derivatives with respect to ¢ and A, and using a single second-order

differential equation for ) in z and 6, gives a separable solution as follows:

B =Y 0,(0)Gn(2), (2.13)

where & € {1, 0,1, ®}, {6,} is a complete orthogonal set. From equations (2.8), (2.9) and

(2.13) expressions for the velocity components in terms of ©,, and G,, can be derived:
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. o
i = 492a§n:Ln(e)Gn(z), (2.14)
N —i0
where

1 S sin(0) d
e o 2.1
") s = " i) (2.16)

1 stan(0)  sin(0) d
e 4o : 2.1
e b I .17

The expression below is a consequence of separation, which can be rearranged to describe how
tides propagate vertically, defining G} = G,p)°N~!, taking N? = kg/H for an isothermal
atmosphere H = 7.5 km, and = = z/H that results in the canonical form for the vertical

structure equation:

~ oN dx

26 [kH 1] . p% d
den
where h,, is the separation constant or equivalent dept and J, is the vertical profile heating.

Considering only the 6 dependent part of this equation, to obtain a Laplaces tidal equation
(Laplace, 1799):

d (1_M2)d@n}_ 1 F(f%r/ﬂ) &2 o o
dﬂ{(fz—uz) | oy Frop tioe] Ot e =0 (2.19)

where y = sin(6) and ¢, = (2Qa)?/gh,. To emphasise the explicit dependence on s, o and

€, this Laplace equation may also be written as

F,(057) =¢€00°. (2.20)

For each of s and o, there exist sets of ¢, and ©, (the eigenfunctions or Hough function
of the Laplace tidal equation) that satisfy equation 2.20 and boundary conditions are lo-
cated at the poles (u = 1) (Hough, 1897; Hough, 1898). The solution to the Laplace tidal
equation was pioneered by Hough (1897) and Hough (1898) in terms of associated Legendre
functions, which are the latitudinal basis functions for waves propagating in spherical coor-
dinates. Groves (1981) provides a detailed explanation of the Hough function and its use in

solving the Laplace equation.
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When describing tides in the mesosphere and lower thermosphere, the above method suffices
and describes tides well. However, in the thermosphere, once the mean zonal winds are
included, these equations are no longer separable into vertical and latitudinal components,
hence other methods for solving the tidal equations, such as as numerical methods, would be
employed (Oberheide et al., 2015; Chu, 2019). The horizontal variation of the atmospheric
tides (u and v) can be obtained by rearranging equation (2.12), using ¢ = —nf2, and is

generalised by including a phase term (Chu, 2019):

A, scos(nflt — s\ — ¢ns), (2.21)

where ¢ is universal time (days), € is the rotation of the Earth which is equal to 27 (rads/day),
A is the longitude, n denotes a subharmonic of the solar/lunar day (e.g. n = 1 for diurnal,
n = 2 for semidiurnal, n = 3 for terdiurnal, etc.), A, s is the amplitude, ¢, s is the phase,
which is defined as the universal time when the maximum passes the zero degree longitude,
s is the zonal wave-number (Forbes et al., 2006). Equation (2.21) can be slightly modified

to calculate phase, amplitude and background tidal winds for different tidal harmonics:

V= A;cos(wit — ¢,,) + B, (2.22)

where w; is the diurnal, semidiurnal and terdiurnal tide, and B is the non-zero mean signal
(Amayenc & Reddy, 1972; Fisher et al., 2002; Zhang et al., 2006; Forbes, 2007; Liu et al.,
2014).

2.5 Summary

This chapter briefly described the thermosphere and ionosphere, and gave a brief overview
of airglow, thermospheric winds and atmospheric tides. The next chapter discusses differ-
ent ground-based instruments that are used for measuring thermospheric winds, and the

parameters obtained from them, and data processing methods.
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Chapter 3

Instrumentation and data analysis

This chapter describes the basic principles of a Fabry-Perot interferometer, including the
instrument design, operation, and data processing methodology. Also covered in this chapter
is the principle of ionospheric sounding with ionosondes, including interpretation of ionograms
and ionosonde derived meridional neutral wind. Lastly, data analysis methods and space

weather indices pertaining to this project are described.

3.1 Fabry Perot interferometer (FPI)

The FPI is a widely-used optical instrument for probing the thermosphere to measure ther-
mospheric neutral winds. The first FPI to observe the aurora was made by Babcock (1923).
About fifty years later Hernandez & Roble (1976), from the Fritz Peak Observatory, Colorado
(39.9° N, 105.5° W), recorded the first measurements of thermospheric winds using the 630.0
nm emission. There have been several FPI deployments across the globe which made it pos-
sible to study neutral winds. FPIs were also used for other applications, such as laser cavity
development, optical computing and in the telecommunications industry (Bamgboye & Mc-
Clure, 1982, Spencer et al., 1982; Sahai et al., 1992; McLandress et al., 1996; Emmert et al.,
2002; Fejer et al., 2002; Meriwether, 2006; Emmert et al., 2006; Hausler et al., 2007; Brum
et al., 2012; Yu et al., 2014; Fisher et al., 2015; Tesema et al., 2017; Harding, 2017; Grawe
et al., 2019). This research focuses on obtaining high resolution spectral measurements of the
redline emission at 630.0 nm. This research project will use the FPI’s high resolution spectral
measurements of the nighttime redline emission at 630.0 nm, which naturally occurs at an
altitude of approximately 250 km (Fisher, 2017). This FPI is located at Sutherland, South
Africa (32.2°S, 20.48°E; geomagnetic latitude: 40.7°S), as shown in Figure 3.1 (denoted by
a green plus sign). From these spectral measurements, neutral winds were extracted and

evaluated.

3.1.1 Theory of FPI

An etalon is an essential part of the FPI instrument and is responsible for creating a fringe

pattern that is analysed to obtain neutral winds and temperatures. The etalon is made up
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Figure 3.1: South African map showing four locations in the South African network of
ionosondes indicated by red crosses. The location of the FPI is indicated by a green plus
sign.

of two parallel partially reflective pieces of glass separated by distance d, and an n being
the order of interference, as illustrated in Figure 3.2. When light of wavelength X is incident
on the top of the etalon, at an angle #, it undergoes multiple reflections such that the
transmitted and reflected rays interfere to form circular fringes. The optical path difference

between successive reflections creates a phase lag, ¢, as given by Ranade (1950) and Vaughan

(1989):

¢ = (27”) 2ndcos(9). (3.1)

The electric field amplitude (E) and phase (¢) accumulation for each transmitted ray are
shown in Figure 3.2. Starting from the beginning, after the incident light has passed through
the first plate but before it hits the second, and after this ray has reflected off the bottom
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and top plates again, the electric field amplitudes are obtained respectively: FE; = tE;,,
Ey = r’tEe'Ee?... Esr®tE,,e'E;e 7% where t is the transmission coefficient and r is
the reflection coefficient. The total intensity of the transmitted electric field (Eyq;) can be
calculated by using simple geometric optics and summation of all the transmitted rays that

emerge from between the two plates (etalon), i.e.,

Etotal = Z Etransmitted
= tQEm(l + 7”267”) + 7’4€7j2¢ + )

Figure 3.2: Light passing through the etalon of a Fabry-Perot interferometer, adapted from
Ranade (1950).

Assuming that the etalon is infinitely long and that both ¢ and r are identical such that
T = t> and R = r?, where T is the transmittance and R is the reflectance, an infinite
geometric Taylor series can be used to simplify this expression (Ranade, 1950; Vaughan,
1989; Fisher, 2013):

t’E;,
TE,
(1 — R2e~i%)’

Etotal =
(3.3)

The intensity of the light passing through the etalon is equivalent to | Ejoa|?, i-€., I = | Esorar|?,
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such that:

T2 E;, |2
(1 — R2e=i9)?
_ | Ein (3.4)
(1= R2e39) (1 — R2e-39) ‘
T? E;|?
T 1t R - 2Rcos(¢)

I = |E'total|2 -

Letting cos(¢) = (1 — sin2(¢/2))’, then the above equation becomes:

B T2| By ?
1+ R?—2R (1 —2sin2(2))
T?|E;, |2
(1 — R2 + 4Rsin2(%)

(3.5)

Since R + T = 1, the intensity can therefore be simplified to:

Ein2
L 128

: (3.6)
1+ %szﬁﬂ (224 cos(6))

The term 4R/(1 — R)? is known as the coefficient of finesse and is donated by F' such that

an Airy function can be obtained as follows (Hernandez, 1982):

I
A = : .
(0.9) — (37)
1+ Fsin? cos(0)
The phase term 2”%1003(9) is one of the most important terms. It is crucial because it is

susceptible to large changes in wavelength, order of interference, etalon gap, or angle. It is
its sensitivity to small changes in wavelength that allows for monitoring changes in Doppler
shifts caused by winds. The Free Spectral Range, i.e., FSR (A)), is the maximum change
in wavelength that can be unambiguously resolved, or, the shift in wavelength resulting in a
phase shift of 7 (Chu, 2019). The FSR is another important parameter of the Airy function
and categorises the resolving power of the system. It can be obtained by taking the derivative

of the phase term with respect to A and setting it equal to 7, i.e.

AX27tnd\2cos(0) = T, (3.8)
)\2

A= —— 3.9

A 2ndcos(0) (3:9)
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In order to obtain a significant result, at least one FSR must be captured, and for our

application the FSR must be large enough so that consecutive fringes do not overlap.

3.1.2 Design of the FPI

The FPI used in this project was designed and built by the University of Illinois at Urbana-
Champaign. It consists of a SkyScanner, a filter, a charge-coupled device (CCD), a lens,
and an etalon as shown in Figure 3.3. The etalon is composed of two partially reflective
surfaces separated by an air gap of 15 mm and reflectivity of ~77%. The properties of this
gap determines the phase offset of the reflected copies of the light that enters the etalon.
The diameter of the etalon may vary depending on the system, but the etalon in the FPI
used in this project has a diameter of 7 cm. The interference pattern created by the etalon
is then imaged by using an objective lens onto a 13.3 x 13.3 mm Andor CCD. This CCD has
1024 x 1024 pixels (binned to 512 x 512) and is thermoelectrically cooled to below —60°C
to reduce the effects of dark current and read out noise. A diffuser box was used to create
an approximately uniform calibration source and to image the output of the diffuser box, by
means of approximation of the laser as a d source to enable characterisation of the system
function. Doing this, it allows most of the fluctuations in the etalon gap and other instru-
ment parameters that occur throughout the data taking process to be tracked. Inspite of
being outside the passband of the interference filter, the laser light is bright enough to pass
through the filter and provide a usable fringe pattern. When the laser is not being imaged
by the FPI, a USB-controlled shutter is closed, to minimise possible contamination to sky

observations.

The light enters the system through the dual-mirror-SkyScanner, and passes through a nar-
rowband (1.0 nm full width half maximum) interference filter centred at 630.0 nm with ~
55% transmission placed in the optical path before the etalon to isolate the redline emission
from other background emissions. As soon as the desired wavelength has been isolated, the
light enters the etalon to create the interference pattern. This system is driven by a smart
motor on each axis. It is directly above the optics and allows observations of the sky in any
direction by rotating in the elevation and the azimuth planes. The FPI looks at a 1.8° field
of view at an elevation angle of 45°, set up to observe in the zenith direction first, followed by
each of the four cardinal directions (north, east, south, and west) at the same elevation angle.
This is regarded as “cardinal mode” and allows both meridional and zonal components to
be extracted with few assumptions (Makela et al., 2013; Harding et al., 2014; Fisher et al.,
2015). Each observation of the sky is followed by an observation of a frequency-stabilised

HeNe laser to monitor the parameters of the instrument.
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Figure 3.3: Configuration of FPI in Sutherland, adapted from Grawe et al. (2019).

Since all that is obtained from sky measurements is a fringe pattern, it is essential to have
external sensors to monitor viewing conditions. A roof-mounted Boltwood Cloud Sensor 11
was used to compare the sky temperature (infrared reading in the 8-14 pum wavelength)
and the ambient temperature. When the sky temperature is subtracted from the ambient
temperature and the result is less than (more negative than) a threshold, which is often
dependent on site and season, the sky is declared to be clear. Similarly, if the difference
between the sky temperature and the ambient temperature is larger than the threshold, this
indicates the presence of clouds. In general, most systems use a threshold of —10°C to —22°C
as the cutoff (Fisher et al., 2015), but a threshold of —20°C was used for this instrument.

3.1.3 Operation of FPI

Each night the instrument will automatically power on and begin to take data after sunset.
Throughout the night until dawn, the SkyScanner will turn to point either at the sky in one of
the four cardinal directions, a point at zenith or at the laser to take a calibration fringe. For a
sky fringe in the cardinal directions, the SkyScanner azimuth mirror will rotate to the correct
cardinal direction and the zenith mirror will turn to an angle of 45°. A zenith measurement
is also made as part of this cycle by rotating to any azimuth and setting the zenith angle to
0°. Once the cardinal directions and the zenith have been recorded, the cycle repeats itself
until data collection stops for the night (Makela et al., 2012; Fisher, 2013; Fisher et al., 2015;
Fisher, 2017; Chu, 2019). Then a 1-10 minutes exposure is taken (with length depending on

emission intensity in the prior sky position). For a laser image, the light from the HeNe laser
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is scattered in the scattering chamber on top of the instrument plate, from which it can enter
the optical path via the SkyScanner to provide a uniform calibration source. Laser exposures
are fixed at 30 seconds since the laser intensity is essentially constant. For this project the
light from the scattering chamber serves as the calibration source for the FPI, used in data
processing. At the end of the night, the instrument will automatically stop collecting data
and the data will be sent to the University of Illinois server for processing. For a quick look
at processed data, all data is displayed on the calendar at http://airglow.ece.illinois.
edu/Data/Calendar under the abbreviation SAO.

3.1.4 FPI data processing

This section presents FPI data processing. More details can be found in Harding et al.
(2014). Data processing begins by analysing the laser images as presented in Figure 3.4 to
estimate the instrument function, given by equation 3.7. For a narrow field FPI such as our

instrument, 6 is given by the relation below:

Figure 3.4: Example of FPI laser calibration adapted from Harding et al. (2014).

0 = tan""(ar), (3.10)

where « is a constant that will be estimated from the laser calibration fringe image, and
r is the radius. The intensity (/) can be replaced with a quadratic falloff term to better

characterise the instrument function, and is given by:
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where 7,4, is the maximum value of r on the CCD. Substituting the value of F, equation

3.10 and equation 3.11 into equation 3.7, the Airy function becomes

2
1411 (TT ) +1 (TT )
A(07 A) — _[O max max .
1+ 22 sin2 (27md) cos(tan=1(ar))
(1-R)? Y

Applying a Gaussian blur radially to the equation above, the Airy function becomes

(3.12)

2
, 1+Il( i >+12< i ) e—(j@’;)f
1 Tmaz Tmaz
A(r,\) = IO/ ds, (3.13)

4R nd
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where o(r) = 0, + 015in (7?%) + 09c0s (W%) is the blurring width. To represent the entire

laser fringe pattern, the relation below is used

S(r) = / - A(r, )Y (\)dX + B, (3.14)

where B is the CCD counts due to the bias on the CCD, and Y'(\) is based on the light
source being observed. For the laser, Y (\) = §(\ — Ajaser) Which leads to the forward model

for the laser images, expressed by,
S(r) = A(r, Naser) + B. (3.15)

In order to extract the instrument parameters from the fringe pattern for each of the images,
the Airy function was permitted to vary systematically and the Levenberg-Marquardt inver-
sion algorithm was used to fit the laser fringe pattern to the laser data. All laser images were
fitted and the extracted parameters were then interpolated in time. This process is necessary
because it accounts for the system variation that occurs during the time between two laser
images and to have close approximations of the system parameters at any time throughout
the night. After obtaining the system parameters, the sky fringe images were then processed
by annulus summation using the centre from the laser images. Using the interpolated laser
parameters at the time of the sky fringe image, another Levenberg-Marquardt was performed

on the inversion equation 3.14 with
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a thermally-broadened and Doppler-shifted Gaussian. In equation 3.16, Y3, is the background
sky emission, Y};, is the intensity of the airglow emission, A. is its centre wavelength, and
AN is the Doppler. The line-of-sight (LOS) wind velocities and temperatures are obtained
through Doppler shift and doppler broadening, respectively:

-(3-1)-
:%C“)

where v is the line-of-sight velocity, \. is the emission centre wavelength, ¢ is the speed of

(3.17)

light, k is the Boltzmann constant, m is the mass of the emitting species, T' is the tempera-
ture, ), is the nominal centre wavelength which is 630.0 nm. Figure 3.5 presents a sample
of how winds affect a single fringe. Each estimate of wind and temperature is followed by an

associated uncertainty as an output of the Levenberg-Marquardt inversion.

Figure 3.5: Example of 630.0-nm illustrating the effect of various LOS winds (v), and tem-
peratures (T') on position and shape of the measured sky spectra. Adapted from Harding
(2017).

Laser and sky fringe image processing, is followed by Doppler referencing, which is necessary
as the exact laser or emission wavelength is unknown, meaning the reference location of zero
wind is unknown. One method is the Doppler referencing method (often referred to as the
zenith reference), which assumes zero vertical wind. It uses the zenith-looking measurements
(zenith reference) to determine the wavelength shift of zero wind, which is then applied to

all other cardinal measurements. Another method is the laser reference which assumes that
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the mean vertical wind throughout the night is approximately zero (Hernandez, 1982).

The next step is to convert line of sight winds to cardinal winds, using the method described
by Makela et al. (2012). These winds will already have had a Doppler reference (calculated
by either zenith or laser referencing, depending on the manner in which the data will be pro-
cessed) subtracted off. To convert to cardinal winds, the winds are rotated into a geographic

coordinate frame using:

LOSgirec = weos(a) + [vcos(0) + usin(9)] sin(a) + S, (3.18)

where LOS gy is the given LOS wind, w is the vertical wind, v is the meridional wind (defined
positive north), u is the zonal wind (defined positive eastward), « is the zenith angle, 6 is the
azimuth angle and ( is the velocity offset due to an unknown Doppler reference. Since a laser
is used to characterise the instrument function, any zenith LOS measurements (o = 90°) are

equal to the vertical wind, or
w = LOSzenith - ﬁzenith- (319)
The zonal and meridional winds can be therefore calculated by

o LOSdirec - 12)003(&) - 6di7“ec

Udiree = where direc € {East, West},

sin(0)sin(a)
LOSgirec — wecos(a) — 5
cos(f)sin(«)

(3.20)

Vdiree = diree \phere direc € {North, South}.

Note that the w shown here is an interpolated vertical wind, which ensures that the vertical
wind is used as at the time of the LOS measurement. Since the zonal (meridional) wind
is defined as eastward (northward), the resultant u(v) for westward (southward) should be
multiplied by -1 to maintain that convention. The angles for azimuth and elevation for each

direction are listed in Table 3.1

Table 3.1: Azimuth and elevation angles for each cardinal direction

Direction 0 o

east 90° 45°
west 270° 45°
north 0° 45°
south 180° 45°

The uncertainties must also be converted from LOS to cardinal using:

Odirec = \/O%OS,direc + 0% (3.21)
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For wind data there are automated quality flags, either a 0, 1, or 2. A 2 indicates that the
measurements should not be used because of large uncertainties, clouds or something else
that made the measurements look suspicious. A 1 indicates that there are possible sources
of bias and data should be used with caution. For example, contamination from other emis-
sions particularly the OH emissions at ~630.7 nm and ~629.8 nm. When the redline 630.0
nm emission gets particularly dim, there is potential for OH to become visible in the fringe
pattern and disrupt the inversion algorithm. If the emission brightness is detected to go
below the defined threshold (—20°C), then the measurement’s quality flag is raised to 1,
there are possible sources of bias in the measurements. And lastly a 0 indicates that the
data are reasonable measurements. While this quality flag system detects many potential
bad data points, attention is also paid to instrument conditions, uncertainties, fit chi square
values, etc., during the analysis and before using the results. An example of the output of

the complete processing code run on data from a single night is displayed in Figure 3.6.

Figure 3.6: Example of neutral wind estimates and temperatures obtained after applying the
standard processing algorithm on observations on 27 January 2019 over Sutherland, South
Africa (http://airglow.ece.illinois.edu/Data/SiteDisplayData).

A cloud sensor has been co-located with the FPI to provide information on the viewing
conditions. The sensor measures the difference between the sky and ambient temperatures,
which is then used as cloud cover indicator. When available, this information was used to
remove observations made when the sky was cloudy during the quality check process. The
empirically chosen cutoff temperature for detecting cloud cover is -20°C and higher (Fisher
et al., 2015). To ensure only good quality data for quiet geomagnetic conditions are used in
the analysis, wind values outside the range of -200-200 m /s were considered as unrealistic and
therefore discarded. Also wind measurements with uncertainties greater than 25 m/s were
discarded. In addition any wind measurements associated with temperature measurements

in the range of 600-1400 K or with uncertainty of more than 50 K were treated as suspicious
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and therefore also not used. Finally the measurements are sorted and binned into 30 minutes
local time bins for each month for winds measurements from each viewing direction in order
to combine wind data from different nights. Any small spatial and temporal gradients will

be removed in this binning process.

3.2 Ionosonde

An ionosonde is a vertical sounding radar system that measures ionospheric properties, or
bottom-side ionosphere, by vertical transmission and reception of radio wave signals at fre-
quencies between ~ 0.5 and 30 MHz. It is a type of HF radar that is most frequently used
today as an ionospheric sounding device and is one of the most important techniques for
the global investigation of ionospheric structures. An ionosonde is either a bistatic radar
system, which means that the transmitting antenna and the receiving antenna are separated
from each other and with two separate energy paths, or mono-static, where the transmitting
antenna and the receiving antennas are located together (Chen , 1984; McNamara, 1991;
Hunsucker & Hargreaves, 2007).

Figure 3.7: Schematic diagram illustrating the components and operation of the pulse
ionosonde, adapted from Amabayo (2011).

The ionosonde transmits short pulses from the transmitter (Tx), consisting of a number of
cycles that sweep over a wide frequency range, straight up into the ionosphere, as shown in
Figure 3.7. Historically, Appleton & Barnett (1925) and Breit & Tuve (1926) were the first
to use ionosondes to confirm the existence of the ionosphere. A short historical review and
evolution of the development of ionospheric sounders can be found in Villard Jr (1976) and
Bibl (1998). Ionosondes have been used extensively for various applications, such as remote

sensing for monitoring long-term temporal and spatial variations of the ionosphere, and also
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for scientific research (Davies, 1990). A variety of ionospheric parameters can be obtained
from ionosonde measurements, such as the maximum sounding frequency of the F2 region
(foF2), and the maximum usable frequency reflected in the F2 region for a ground distance
of 3000 km (MUF(3000)F2), the peak heights of the F2 region (hmF2), and ionospheric total
electron content (TEC).

3.2.1 Principle of Ionospheric Sounding

The concept of ionospheric sounding goes back to the early 1920s with experimental proof
of the existence of an ionised layer (Breit & Tuve, 1926 and Appleton & Barnett, 1925).
The principle of ionospheric sounding experiments is used to determine the electron density
profile by varying the probing frequency and measuring the time it takes a radio signal wave

to travel from the transmitter to the reflection point and back.

Appleton & Barnett (1925) derived a refractive index equation that describes the propagation
of radio waves in the ionosphere in the Earths magnetic field. In the derivation, a uniform
external magnetic field B makes an angle 6 with the direction of propagation of a plane
electromagnetic wave in the x-direction. The expression for the refractive index p of the
ionosphere in terms of the Appleton-Hatree formula for the negligible collision frequency in

the F region, when Z = 0, expressed as (Davies, 1990):

X(1-X)
(1-X) = V2 & [V + (1 - x)2v2]

pr=1- (3.22)

where X, and Y are magneto-ionic parameters, i.e., dimensionless quantities defined by the

following expressions:

X = w} /w?

Yr =Ycos(0) = L%003(6), (3.23)
Y, =Ysin(0) = %sz’n(@),

where w is the angular frequency of the propagating wave, w = 27 f, wy is the electron
gyrofrequency, wy = Be/m, wy is the angular plasma frequency, w3 = N.e?/mey, f: sig-
nal carrier frequency (Hz), m: electron rest mass (9.11 x 1073! kg), e: charge of an electron
(—1.602x 1012 C), N, : electron density (per m? ), €y : permittivity of free space (8.854 x 1012
Fm™1).

Note that the the positive (+) and negative (-) signs in equation 3.22 refer to the ordinary
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and extraordinary waves, respectively. In the absence of an external magnetic field Y, = 0
and Y7 = 0 (Rishbeth & Garriott, 1969; Basu et al., 1985; Hargreaves, 1992; Zolesi & Cander,
2014). Equation 3.22 of the Appleton-Hartree equation for the phase refractive index can be

simplified as:

2 N.e?
u2:1—X:1—<°"—N) —1- (3.24)

w  Ar2eom f2
Vertical reflection occurs when p = 0, and this means from the equation 3.24 the plasma
frequency wy equals the wave frequency w. Substitute the respective values for angular
plasma frequency, angular frequency of the propagating wave, electron mass, electron charge

and the permittivity of free space, and solve for N, in equation 3.24:

N, = 1.24 x 10'°f2, (3.25)

where N, and f are measured in units of electrons/m? and MHz, respectively. This implies
that the maximum electron density of the F2 layer, N,,F5, is directly proportional to the
square of the critical frequency of the F2 layer, foF5.

The time of flight, 7, of the reflected radio wave is related to the virtual height, &', which is

also related to the refractive index as follows:

, e dh
W= :/ g (3.26)
0 u

where ¢ is the speed of light, u is the group speed, and h, is the real height of reflection. It
is clear from equation 3.26 that virtual height depends on the electron density profile, the
geomagnetic field, and the frequency of the wave, since it depends on the refractive index,
which is dependent on these parameters (Davies, 1990). For wave a to propagate through the
ionosphere and go out into space, the virtual height has to be greater than the true height
of reflection (Rishbeth & Garriott, 1969; Hargreaves, 1992).

3.2.2 The ionogram and its interpretation

The ionogram is the record of ionosonde measurements which is defined as a plot of vir-
tual height against frequency. A typical example of an ionogram recorded at the Hermanus
ionosonde station is shown in Figure 3.8. The ionogram displays two traces of the radio
signal waves for each layer of the ionosphere: the ordinary (O) and extraordinary (X) waves,
as shown in red and green, respectively. The overplotted black curves are the generated

electron density profiles. The vertical asymptotes of the O and X traces represent the crit-
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Figure 3.8: An example of an ionogram recorded at 7:15:00 UT on 03 June 2019 for the
Hermanus (34.43° S, 19.23° E, 64.08° dip angle).

ical frequencies foF'2 and fxF2 respectively, and are separated by approximately half the
gyrofrequency (McNamara, 1991).

South Africa has a network consisting of four (4) ionosondes which are located at: Hermanus
(34.43° S, 19.23° E, 64.08° dip angle), Louisvale (28.5° S, 21.2° E, 63.21° dip angle) station,
Grahamstown (33.3° S, 26.5° E, 62.79° dip angle), and Madimbo (22.4° S, 30.9° E, 57.68°
dip angle). The locations of the ionosondes are marked by red crosses sign on the map shown
in Figure 3.1. Ionosonde data have a 15 minutes cadence, were processed using the SAO
Explorer software (Reinisch et al., 2005). This software is used to view ionograms and to
extract their characteristics. For this research 30-minute binned hmF2 measurements from
these ionosondes will be used to derive meriodional neutral wind using the servo method,

which is explained in the next section.
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3.2.3 Ionosonde-derived meridional neutral wind: servo model

The F2-layer was envisaged to behave like a servo mechanism, following an approximation
method developed by Rishbeth (1967) to compute the theoretical diurnal variation of the
peak electron density in the midlatitude ionosphere, observing that external forces, such as
winds perturb the equilibrium distribution. Rishbeth (1967) investigated the effect of winds,
on both day equilibrium layer and night stationary layer and deduced that the day-to-night
changes of the height of the peak electron density, hmFy, at midlatitudes, are caused largely
by the action of winds on the F2-layer. The servo model has been successfully used in previous
studies to derive meridional neutral wind at the midlatitude using the F2-layer (Dowdy, 1993;
Richards, 1991; Fagundes et al., 2008). Rishbeth et al. (1978) provides a detailed description
of the servo model including the reasonable assumptions made when formulated. It is briefly
described here. The derivation of the meridional neutral wind using the servo method starts

from the continuity equation given by:

ON 1 ONV.,
= _4— BN - —
o 1PN

where N = ion/electron concentration, ¢ = time, ¢ = production rate, § = loss coefficient,

(3.27)

V., = vertical plasma velocity (positive upwards), H = scale height of the neutral ionisable
gas given by H = 0.0587,, with T}, being neutral temperature, and z = reduced height,
measured in units of H. Note that since the temperature profile of the upper thermosphere
is almost constant, the scale height is assumed to be height independent for simplicity. Also
the contribution to the transport term in the continuity equation (i.e. dN'V,/dz) is assumed
to be mainly in the vertical direction. The balance height of the ionospheric F2-layer (hs)
occurs where there is no applied drift. When multiplying equation 3.27 by H and integrating
from z = zm to z = oo, which is from the peak of the F2 layer to the top of the ionosphere,
the following is obtained:
0 dzm

© AN e)

where the subscript m denotes the parameter at the peak of the F2 layer, e.g., ®,, is the
vertically upward plasma flux at the top of the F2 region, i.e., the limiting value of NV, at

great height. The term (V,,,, — H dfhi”) is the relative vertical plasma velocity at hmFs.

The following assumptions were made in the construction of the servo model:

e The topside of the layer maintains a constant shape that is expressed by the Chapman

alpha layer, a = 2.82, such that its height-integrated ion content is aHN,,.

z

e (is proportional to e, since the F; peak is sufficiently above the peak of the production
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layer.

e The dominant ion is O and decays by reacting with neutral N, in which case it may
be assumed that 3 is proportional to e %, where k is the ratio of atomic and molecular

scale heights given as 1.75.

The resulting equation after implementation of these assumptions is:

AN, B, N, H
gtm _ g OmimH
g T 2

dzm
— @, + N, (Vi — HE™) (3.29)
dt
where a H N,, is the height integrated ion content of the top layer. On the assumption that the
F2 layer is isothermal, the peak vertical drift velocity is expressed by the following (Vasseur,

1969):

DssinQ(I) D, .,
St S VL I )
Hu,, 2H sin(1), (3:30)

where W is the vertical drift applied to the layer by a wind or electric field, I is the magnetic

‘/zm:W_

dip, v, is the ion-neutral collision frequency (Rishbeth & Garriott, 1969) and D,, is the
plasma diffusion coefficient. Substituting equation 3.30 into equation 3.29, dividing by N,, H,
and rearranging:

dzm  Gm D Bm a dN,, Dpsin*(I) W

—m — - —. 31

it N, N.H k N, & o0 T H (3:31)

Applying the assumptions of the continuity equation as given by Rishbeth et al. (1978),

equation 3.31 can be approximated to:

dN,, D,
-, — m — mNm - T
dt 4 cb aH

where ¢ is an empirical constant that adjusts the relative importance of the transport pro-

(3.32)

cesses and the loss terms at the F2-peak, and is estimated from idealised solutions of the full
diffusion equation. Here ¢ is assumed to be 1.73. Equation 3.32 assumes that the flux (®,,)
is distributed evenly over the thickness of the topside layer (aH). Substitution of equation
3.32 into equation 3.31 leads to

dzm ¢n  (kac—1)B,, Dpsin*(I) W
Tm (1 - q) I . iy .

a O T oH? | H (3.33)
Using relationships similar to those given by Rishbeth et al. (1978) and Dowdy (1993) i.e.
Bm = Bse~**m D, = D,e*, q,, = gse~*", and substituting these relations into equation 3.33

the equation becomes:
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dzm gse=  (kac —1)Bse % Dgermsin®(I) W
dt (1—-a) N, + k N 22 + T (3.34)

Where there is no forcing that causes ionisation drift (W = 0), the nighttime F2-peak forms

a ‘balance/stationary height’. The balance height hs occurs when there is a balance between
the chemical loss and diffusion (Rishbeth et al., 1978), i.e.

kDgsin?(I)
O = S (hac — 1) (3.85)
where S5 = k1[Na] + k2[Os] with ki and ks being temperature-dependent reaction rate coef-
ficients given by Torr & Torr (1979), and [O2] and [Ns] being Oz and N, neutral densities,

respectively.

The g5 = 0 at nighttime, and by substituting [, into equation 3.34, the equation reduces to:

dz,  Dgsin*(I) , . B W
- = o (e7Fom —e )+F' (3.36)

The vertical plasma drift (W), being the result of a combination of motion along the magnetic
field lines due to a meridional wind and of an ion drift, induced by the east-west electric field,

is given by:

W = Vecos(I) + Uy,cos(I)sin(1), (3.37)

where V is the ion drift velocity component perpendicular to the Earths magnetic eld, which
can be neglected for the midlatitude because it does not have a significant effect on the
meridional wind (Buonsanto et al., 1989, Buonsanto, 1990, Muella et al., 2008), and U,, is
the horizontal component of the neutral wind. Substituting equation 3.37 into equation 3.36,
and at night dz,,/dt = 0, equation 3.36 reduces to:

—Upcos(I)sin(l) = DSZZ—Z;(I) (e7Fom —e*m). (3.38)
When the variation of z,, is small, e.g., less than the scale height H, then e #*m — e#m =
—zn(k + 1), and z,, = (hmF2 — hs)/H (Yagi & Dyson, 1985). With this approximation

equation 3.38 becomes:

, _ (k+1)Dgsin*(I) (hmF2 — h,
Uncos(I)sin(l) = Vi i : (3.39)
Solving for U, yields the servo model equation:
hmE?2 — hg
U, = mT (3.40)
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where 21 cos(1)
CcCoSs

_ A1

Tk 1)D.sin() (341)

and Dy is the plasma diffusion coefficient, expressed by

T,
D, = D,, (1 + T) , (3.42)

and D;, is the overall ionneutral diffusion coefficient that reflects the relative importance of
the diffusion of O through the neutral atmosphere and its collision with O, Oy and Ns.

T, and T; represent the electron and ion temperatures, respectively. The coefficient D, is
calculated from the formula derived by Banks & Holzer (1968) and Dalgarno (1964):

19,
D, — 13.19>< 1077T; ’ (3.43)
f(T, + T;)2 0] + 42.3[Ny| 4 41.1[O9]

where f is the Burside factor and T, is the neutral temperature.

3.3 Space weather indices

There are many solar and geomagnetic parameters that make it possible to determine space
weather conditions. The geogmanetic indices Kp and Ap as well as the solar radio flux Fig7
were used as indicators of the space weather conditions. They are briefly discussed in the

following sections.

3.3.1 Kbp index

The Kp index indicates the level of disturbance of the magnetic field observed on a mag-
netometer relative to a quiet day. It is measured in a 3-hour window by a global network
of 13-magnetic observatories that lie in the midlatitude region. Only the horizontal compo-
nent (H) and magnetic declination (D) are used to determine the Kp index (Mayaud, 1967;
Menvielle & Berthelier, 1991). Storms or geomagnetic conditions are classified as follows,
based on the Kp index (Kudeki et al., 2007; Sergeyeva et al., 2021): 0-3 (quiet magnetic
conditions), 56 (moderate magnetic storm), and 6-9 (disturbed magnetic conditions). This
project focused on thermospheric wind dynamics during quiet conditions, so observation
nights during which the Kp index < 3 were used in the analysis that would be discussed in

chapters 4 and 5.

3.3.2 Ap index

The Ap index is a linear measure of the Earth’s magnetic field and is a parameter that

describes the general level of geomagnetic activity over the globe for a given day. The Ap
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index has a semi-logarithmic relationship with the range which defines the Kp index. The
daily Ap is obtained by averaging the eight 3-hour values of Ap for each day. Geomagnetic
conditions are classified as follows, using the Ap index (Fraser-Smith, 1972): quiet magnetic
conditions (0 < Ap < 26), an active/moderate storm (27 < Ap < 47) and disturbed or storm
magnetic conditions (48 < Ap < 400).

3.3.3 Solar radio index (Fj,7)

The solar radio flux (Fio7) is one of the most widely used indices of solar activity, and to
determine strength of solar radio emission in a 100 MHz-wide band centred on 2800 MHz (a
wavelength of 10.7 cm), averaged over an hour. The variation with Fjo; reflects variation
of the thermospheric winds. Therefore, the solar activity index is of paramount importance
in the analysis of thermospheric winds. It is expressed in solar flux units (sfu), where 1
sfu = 1072Wm 2Hz"!. The solar flux scale can vary from 50-300 which indicate quiet
to disturbed conditions. The solar flux is closely related to the level of ionisation and the

electron concentration in the F2 region.

3.4 Data analysis techniques

In order to study long term wind variability at different months, a statistical analysis was
done by computing weighted mean and sample standard deviations. The weighted mean for

x, where x is the set of neutral wind or hmF2 measurements, was computed as:

P (3.44)

where w; = % is the weight and o; is the uncertainty of each measurement. The sample

standard deviation was computed as:

s = \/ni - > (z—2) (3.45)

(2
where n is the number of samples in . When seasonal variation is discussed, seasons were
categorised as summer (December-February), autumn (March-May), winter (June-August)

and spring (September-November).

In order to investigate differences between data (observations) and models (e.g., servo model),

a Taylor diagram (Taylor, 2001) was used. In this diagram a standard deviation s, of the
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data x, sq the standard deviation of the model d, root mean square error (RMSE) and
the correlation coefficient R between the data and model are used to quantify the level of
performance of the model. Using a set of these parameters to assess a match between models
and observations is advantageous over using a single parameter since the latter can lead to

misleading conclusions.

RMSE

cos IR

Sd

Figure 3.9: A diagram showing the relationship between various elements on Taylor diagram,
adapted from Taylor (2001)

The correlation coefficient R between z and d is defined as:

S (@0 — #)(d — )
R=—"= : (3.46)

SzSd

z|=

where NNV is the number of data points.

The RMSFE is the statistic used to quantify differences or errors between a model and
measured data and is defined as (Taylor, 2001):

N , 1/2
RMSE = %; [(xn — )~ (d, — CZ)] ] . (3.47)

The relationship between R, RMSE, s,, and s; can be derived by means of the law of
cosines, as illustrated in Figure 3.9, and is expressed by (Taylor, 2001):

RMSE = \[s2 + 83 — 25,8R. (3.48)

To keep the geometry the same, a normalised Taylor diagram (in which the standard deviation
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of the model is normalised to the standard deviation of the data) was used. An example is
given in Figure 3.10, which shows that a model that perfectly matches the data would be
located at the intersection between the s, =1 arc and the x axis (indicating R = 1). The
RMSFE between model and data are denoted by the green semi-circles, centred on the point
of perfect agreement. In general, a model that agrees well with observations will be close to
the point marked “data” (in red line) on the x-axis. Such a model will have relatively high
correlation coefficient and low RMSE (Guo et al., 2016; Taylor, 2001).

Figure 3.10: An example of a normalised Taylor diagram for different models.

3.5 Summary

This chapter briefly discussed the basic principles of an FPI, including the instrument design,
operation, and data processing methodology that was used to obtain the thermospheric winds.
This chapter also described ionospheric sounders and the ionospheric parameters, such as
electron density and hmF2, that are derived from ionospheric sounder data to characterise
the ionosphere. Since the ionosonde measured hmF2 will be used to derived meridional
neutral winds using the servo model, a brief derivation of this model was also included in this
chapter. Statistical analysis that would be used to gauge the accuracy of different models
was also presented. Different space weather indices, such as Kp, Ap and Fig7, that make it

possible to determine space weather conditions were discussed.
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Chapter 4

Climatological study of thermospheric

winds over Sutherland, South Africa

This chapter presents the first climatology and analysis of thermospheric winds from Fabry-
Perot interferometer (FPI) observations over Sutherland, South Africa, during quiet geomag-
netic conditions. This study also included the first validation of the Horizontal Wind Model,
version 2014 (HWM14) over South Africa and therefore a brief introduction to the model is

also included in this chapter.

4.1 The Horizontal Wind Model (HWM)

The Horizontal Wind Model (HWM) is a standard empirical model that provides an estimate
of the global climatology of the horizontal neutral wind of the upper atmosphere (Hedin et al.,
1988). The input parameters for the model include latitude, longitude, altitude, date, and
time. It was first developed by Hedin et al. (1988), using only satellite data from Dynamic
Explorer 2 and Atmospheric Explorer. Since then there have been several improvements
to increasingly include measurements from diverse instruments, such as incoherent scatter
radars (ISRs), FPIs, and satellite measurements from both optical techniques and in situ
mass spectrometer from different geographical locations (Hedin et al., 1988; Hedin et al.,
1991; Hedin et al., 1996; Drob et al., 2015). The recent HWM was updated in 2014, otherwise
called HWM14, using ~ 73 x 10° data spanning 60 years from 44 different instruments in
different geographical locations (Drob et al., 2015). In places where no local data were used
in the model development (such as southern African midlatitudes), the model fills in the gaps
by using spherical harmonic functions that contain annual, semiannual, diurnal, semidiurnal,
and terdiurnal harmonic variations. The equation representing cyclical climatological spatial-
temporal variations of the zonal wind U(7,d,0,¢,2), is formulated as follows in the model (Drob
et al., 2015):

U(r,6,6,¢,2) = Z B;(2)u;(1, 0,8, ¢) (4.1)
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where 7 is the day of the year, J is the solar local time, 6 is the latitude, ¢ is the longitude,
z is the altitude, and f; represents the jth vertical cubic B-spline weighting kernel. The
horizontal variations u;(7,d,0, ¢) for the jth vertical model kernel are represented by (Drob
et al., 2015):

§=2 N= §=2 N=3 N=8 S=2 M=2 N=8
uj(T,é,Q,gb):ZZ (1,60,8,n) —i—ZZZ\PQ (1,6,s,1,n) +ZZZ\IJ379 s,m,n)
s=0 n=1 s=0 [=1 n=1 s=0 m=1 n=1

(4.2)
where n represents the order in latitude, \Iijl-(T, 0,s,n) includes the annual and semiannual
harmonics in terms of seasonal wave number s, \II§(7', 0,s,l,n) includes the diurnal, semidi-
urnal and terdiurnal harmonics expressed in terms of tidal wave number [, ‘IJ?(T, 0,s,m,n)
includes the stationary planetary wave harmonics with longitudinal wave number m. The
unknown model coefficients for these three terms can be determined by solving an over-
determined linear inverse problem. Similarly, the meridional winds take this same form with
slightly different unknown model coefficient. Note that the model assumes that the horizon-
tal winds are zero at the poles. One of the advantages of this model is that when and where
appropriate, HWM14 reduces the computational complexity of theoretical and applied calcu-
lations by avoiding the need to simultaneously compute the wind fields from first principles

and validate physical understanding of neutral wind fields in the upper atmosphere.

4.2 Results

Figure 4.1 presents seasonal occurrence of solar flux (F10.7), and geomagnetic activity indices
Ap and Kp during the period of this study, i.e. February 2018-January 2019. The figure
shows that the solar and geomagnetic activies are low throughout this period as the solar
flux ranged between 65 and 85 solar flux units (sfu) where 1 sfu = 10722 W/m?/Hz, Kp < 3,
and Ap < 25. Figure 4.2 shows the number of nights having FPI observations, the number
of observations nights which the geomagnetic conditions were quiet, and the number of ob-
servations nights during which the viewing and geomagnetic conditions were clear and quiet
in each month during the period of study. According to this figure at least 65% of the nights
with wind observations in each month had clear viewing conditions and were geomagneti-
cally quiet. The next sections will first show a case study illustrating typical night-to-night

variability seen in the FPI measurements, followed by the climatological variations.
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Figure 4.1: The seasonal occurrence of the Kp (top row), Ap index (middle row) and solar
flux (third row) where blue, red, yellow and indigo represent autum, winter, spring, and
summer, respectively.

4.2.1 Night-to-night variability of thermospheric winds

Figure 4.3 presents FPI measurements of the thermospheric zonal and meridional winds (top
and bottom panels) obtained over the continuous period of 18 to 23 April 2018. Note that
solar local time (SLT') defines noon as the time when the sun is the highest in the sky and

can be mathematically calculated using:

24
360°"
where SLT is the solar local time (hours), ¢yr is the universal time (hours), and 6 is the
longitude of our FPI site. Therefore in this study SLT = tyr+1.4. From Figure 4.3 it is clear

SLT:tUT+9

(4.3)

that the wind direction is predominantly eastward (positive) from dusk to about midnight,

and switches westward (negative) after midnight until dawn. On most nights, the zonal
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Figure 4.2: The number of observation nights (blue), the number of observations nights that
were quiet (green), and the number of observations nights that were clear and quiet (red)
per month from February 2018 to January 2019.

wind amplitude steadily increases to reach a maximum of around 100-150 m/s at around
21:00-01:00 SLT, except on the 19th of April, where the zonal wind varies dynamically. The
westward zonal wind reaches a maximum of about 100 m/s (18 and 19 April) and 50 m/s
(21 and 23 April) around 05:00 SLT. However, the westward wind on the 20th and 22nd of

April is much slower compared to the other nights, reaching speeds not greater than 20 m/s.

For most nights (i.e. April 18, 20, 21, 23) the meridional wind direction is predominantly
poleward (negative) before ~23:00 SLT and switches equatorward (positive) to reach a peak
of around 100-150 m/s at ~01:30 SLT. However, the meridional wind on the 19th, 20th
and 22nd of April deviates from the general trend observed on the other nights. On the
19th of April the meridional wind is mostly equatorward throughout the night, except for 2
hours between 22:50 and 01:50 SLT when it is poleward. On the 20th and 22nd of April the
meridional wind is initially poleward but erratically changes direction between equatorward

and poleward for the rest of the night.
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Figure 4.3: Sequential nights (18 to 23 April 2018) of zonal wind measurements (top row) for
west (red dots) and east (blue dots) directions, positive (negative) values represent eastward
(westward) winds. Meridional wind measurements (second row) for south (red dots) and
north (blue dots) directions, negative (positive) values indicate polewards (equatorward)
winds

4.2.2 Meridional and zonal wind monthly averages

The contour plots in Figure 4.4 show the monthly averaged meridional (top) and zonal (bot-
tom) winds during February 2018-January 2019. The annual behavior shows meridional
wind that is more equatorward during the summer, although poleward wind is seen in the
early evening during local winter. In addition to the annual variation, the meridional wind
exhibits semiannual and quasi-terannual variations where the wind velocities peak around
the summer and winter solstices (i.e. January and June) as well as around spring equinox
(i.e. September), with the highest peak seen in summer. The zonal wind exhibits an annual
variation and is more eastward during the winter than during the summer, the wind is higher

in the winter months compared to the other seasons.

Monthly averages of the FPI meridional and zonal winds measurement made between Febru-
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Figure 4.4: Contour plots of the monthly-averaged meridional wind (top) and zonal wind
(bottom) measured by the FPI.

ary 2018 and January 2019 are presented in Figures 4.5 and 4.6, respectively. Also plot-
ted are winds provided by the HWM14 model (green curves). Generally, for most months
(March—November) the observed meridional wind is poleward (southward; negative) after
dusk, turning equatorward and remaining in this direction for the rest of the night or turn-
ing poleward again a couple of hours before dawn. The poleward-to-equatorward transition
time is between 21:00 and 02:00 SLT for May-November, and between 04:00 and 06:00 SLT
for March and April. During February the measured meridional wind is equatorward until
04:00 SLT when it turns poleward, while in December and January wind flows equatorward
only. For most of the months (with the exception of May—August) an increase in measured
meridional wind is observed from the early evening to reach a premidnight peak of ~ 70-90
m/s before decreasing and turning poleward. The peak is observed post midnight for the
months of May-August. This indicates that the peak of the equatorward wind shifts from

around midnight in the summer months to postmidnight in winter months. Also, during
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Figure 4.5: Monthly-averaged meridional wind measured by the FPI (red and blue) and
predicted by HWM14 (green) between February 2018 and January 2019. Negative (positive)
values indicate polewards (equatorward) winds. The error bars indicate standard deviation
in the measurements while thickness in the HWM14 represents the range of variability.

the summer months the measured meridional wind is only or mostly equatorward. For the
winter months (May—July) it is predominantly poleward (negative) during the evening period
between 19:00 and 21:00 SLT and changes to equatorward at midnight. This is followed by a
gradual decrease in the amplitude of meridional wind and a poleward reversal before dawn.
While this wind direction change is also observed during spring and autumn months, the
switch in direction occurs much later in winter, at around midnight, compared to around

20:30-21:00 SLT during the months of March, April and September.

In comparison to the measured winds, the HWM14 model generally captures a similar wind
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Figure 4.6: Monthly-averaged zonal wind (red and blue FPI, and green HWM14) between
February 2018 and January 2019. Positive (negative) values represent eastward (westward)
winds.

trend for the months of October through February i.e. HWM14 model predicted equator-
ward wind for all or most observed hours of the nights. Also, similar to the FPI, the HWM14
results during the months of April-September show a poleward wind in the early evening
which later switches equatorward. Furthermore, the amplitudes of the HWM14 meridional
winds during the winter months (May—August) are smaller than summer months (November-

February) in general agreement with the measurements.

However, when looking at the details of the comparison there are several discrepancies be-
tween the data and model in regards to the time of wind direction transition, the amplitude
of wind, and the time when the peak of equatorward wind occurs. For instance, the HWM14
model overestimates the meridional winds by ~ 20 m/s in the summer months, mostly at

the beginning of the night. Also, the model predicts the peak of the equatorward meridional
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wind much earlier during April, August—January, while it occurs later during the months of
June-July compared to measurements from the FPI. The time difference between the peaks
in HWM14 and FPI measurements can vary between 2 hours (April) and 5 hours (August).
These sort of discrepancies are perhaps not terribly surprising given that the general con-
struction of HWM14 lacked data from the Africa region.

Turning to the zonal winds, the direction of the measured zonal wind presented in Figure 4.6
is predominantly eastward (positive) before midnight, and westward (negative) post-midnight
until predawn. For all months, an increase in zonal wind is observed from the early evening
to reach a premidnight peak of ~ 90-120 m/s before decreasing and turning westward. The
amplitude of the winds is larger during the winter months (~ 120 m/s; July and August) than
the summer months (~ 60 m/s; February and December). This peak occurred much earlier
during the winter months (~ 120 m/s; July and August) compared to the summer months
(~ 60 m/s; February and December). The eastward-to-westward transition time is between
01:30 SLT and 02:00 SLT for the months of November-February, and between 04:00 and
05:30 SLT for months March-October. This indicates that the transition time occurs later
during the winter season (May—August) compared to summer (December—February). For
September, October, January and February, a peak in the eastward wind is observed around
23:00-02:00 SLT. Furthermore, the zonal wind around 19:00-22:00 SLT during spring and
autumn (e.g. March, September, October and November) has lower values compared to the

same time during winter and summer months (e.g. January and February).

Similar to the FPI measured zonal wind trends, the HWM14 model predicts eastward zonal
wind during the evening hours prior to midnight (+3 hours) before switching to westward for
the rest of the night. The eastward-to-westward transition time predicted by the HWM14
model is similar to those measured by the FPI for most months, e.g. February-October. How-
ever the model estimates a significantly earlier transition time for the months of November-
January, with a discrepancy as large as ~ 2 hours, creating what looks like a phase shift
between the model and data. Between March and November the model disagrees with the
observations from early hours of the evening (19:00 and 23:00 SLT), predicting eastward wind
that is about ~ 30 m/s faster than the FPI measurements. Furthermore, the peak of the
eastward wind is predicted much earlier in time by the model compared to the observations,
with a difference between the peak in HWM14 and FPI as large as ~ 3 hours (e.g. March—
October).

In the next section the apparent phase shift in the timing of the HMW14 zonal wind will
be investigated further. This is motivated by the fact that the HWM14 is often used for
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background or boundary conditions in some models, or provides neutral winds variability
estimates for methodical studies of the upper atmsophere for regions where there is a lack
of instruments for measuring neutral winds (e.g. Hickey et al., 2009; Harding et al., 2019;
Fisher et al., 2015; Yuan et al., 2013), since it is not limited to nighttime data nor affected
by terrestrial weather conditions, like the FPI, and is not as expensive like the ISR. It is

therefore crucial that the model captures the wind data accurately across the globe.

4.3 HWM14 correction: terdiurnal tide

As is evident in Figure 4.6, there is an apparent phase shift present in the zonal winds that
offsets the peak seen in HWM14 to be approximately 2-3 hours earlier than that shown by
the data. In order to investigate potential cause of this phase shift, a least squares fitting
procedure, described in Chu (2019), was implemented to determine the contributions from
the diurnal, semidiurnal and terdiurnal tides to the overall thermospheric wind in the model
at 250 km altitude. In this procedure all the horizontal wind variation was assumed to be
due to the diurnal, semidiurnal and terdiurnal tides and is described by a forward model as
(Chu, 2019):

f = Aisin(wit + ;) + Aisin(wat + ;) + Aisin(wst + ;) + B, (4.4)

where wy = 27/24, wy = 27/12, w3 = 27/8 are diurnal, semidiurnal and terdiurnal tidal
components, respectively, t represents time in hours, A; represents the amplitudes of the
respective tidal components, ~; represents the phases (in radians) of the tidal components
(1 =1,2,3) and B is used to account for a non-zero mean signal. While this forward model
is written in a slightly different form from the tides described in equation 2.22 the same form
can be obtained if we let 7, = s\ — ¢, s — 7/2 , where s is the zonal wave number, A is

the longitude and ¢, 4 is the time of maximum at zero longitude. The forward model was

. =3
inverted using a least squares methodology where {Ai, Vi B} was found such that:
i=1

i [yn —f (tn; {47, B}Zi’)r , (4.5)

n=1

is minimized. Here, y, represents the averaged output of HWM14 at times ¢, i.e.

1 M
v =37 > U(T.00.0,0), (4.6)

j=mo
where mo represents the first day of the month, M is the last day of the month, and 7 rep-
resents the jth day in the month, and 6 and ¢ are fixed by the site’s latitude and longitude,

50



and ¢ is the time of day.

The HWM14 modeled winds was decomposed into different tidal components by fitting the
model’s monthly averaged zonal wind to equation 4.4. Because factors influencing the terdi-
urnal tide occur much more locally than those influencing the diurnal or semidiurnal com-
ponents (Fisher et al., 2015; Jiang et al., 2018; Chu, 2019), it is assumed that the changing
characteristics of the terdiurnal tide will only affect the winds close to this site. Therefore, the
components and the properties of the terdiurnal tide were adjusted to determine if through
modifying it alone, a better data—model match can be found. Since the amplitude of the
peak zonal wind estimated by the model matches the data relatively well, the focus is only
on shifting the phase of the terdiurnal tide to create a better match between the model and
data. For each month, a comparison of the averaged nightly winds obtained from FPI mea-
surements, and binned and averaged winds from HWM14 was made, following the averaging

technique described in chapter 3.

(a) (b)

Figure 4.7: Taylor diagram for various terdiurnal phases (left) and the reconstructions (right)
corresponding to the best R, (purple), o4 (green) and D(blue) for February 2018.

The phase of the terdiurnal tide, ~5 is shifted and the wind is then reconstructed (again,
using equation 4.4). The phase shifts were stepped through and the reconstruction was com-
pared to data by calculating the corresponding (s4, Ry) and plotting each comparison on the

Taylor diagram. An example is shown in Figure 4.7 (a). Each different hypothesized phase
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shift is shown by a different colour. Through this exercise, the phase shift that maximized
correlation (R4), matched the normalized standard deviation (s4), or minimized RMSE (D)

was identified.

Figure 4.7(b) shows an example of the reconstructed wind for February 2018. The results
shown in purple, which maximized the correlation, is seen to match the data quite well in
shape and amplitude at the peak. However, as the peak falls off after 21:00 SLT there is an
amplitude difference between the model and the data (shown in black). The result shown in
green point shows that the amplitude maximum matches the data fairly well and there is less
of the amplitude discrepancy as the peak falls off than there is for the best correlation case,
but the peak timing is quite different and remains almost identical to the original model
output. Finally, the reconstruction corresponding to the phase that gives the smallest D
(shown in blue) balances the correct peak timing and general shape from the best correlation
case with the fall off behaviour influenced slightly by the best standard deviation case. Using
D instead of just the correlation R helps to avoid cases where the best correlation case might
result in a model output that is shifted so much that there is a large amplitude difference

between model and data.

Table 4.1: RMSE of original HWM14, RMSE of terdiurnal tide shifted HWM14 and difference
of the two for each month.

Months  Dyrig  Dspiftea Improvements (AD = Dy, ig - Dgpifred)

Feb 2018 26.75 24.91 1.84
Mar 2018 30.60 16.39 14.21
Apr 2018 26.85 12.65 14.20
May 2018 19.58 14.92 4.66
Jun 2018 25.11  17.98 7.13
Jul 2018  31.00 19.08 11.92
Aug 2018 40.96 24.11 16.85
Sep 2018  41.73  19.27 22.46
Oct 2018 41.94  26.50 15.44
Nov 2018 31.93  9.04 22.89
Dec 2018 33.96  8.32 25.64
Jan 2019 43.27  10.42 32.85

Figure 4.8 clearly shows the improvements in data-model comparisons found by allowing for
a phase shift in only the terdiurnal tidal component estimated from HWM14. Table 4.1
presents the comparison of RMSE of original HWM14 and RMSE of terdiurnal tide shifted
HWM14 for each month that shows the improvements obtained from adjusting the terdiurnal
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Figure 4.8: Improvement to HWM zonal wind for the entire year.

tide parameters in the model. It can be seen that during the local summer, i.e. February
2018, December 2018-January 2019, the improvements were between 1.84 and 32.85, while
during local winter the improvements range from 7.13 to 16.85. The largest improvement of

32.85 was observed in January2019.

For all months, there was an improvement to both the standard deviation and the correlation
of the original HWM14 output. Comparing the original and modified HWM14 wind results
with the data, for almost all months, the modified HWM14 wind represents the data much
more closely. In addition, the apparent phase shift between the peak wind in the data and
HWM14 output has been greatly reduced as evident from results shown in Table 4.2. This
table presents the phases of the original (first column) and shifted (second column) terdi-
urnal phases of the HWM14 zonal winds for each month. Shifting the terdiurnal phase is
particularly effective for March—July, but in August-November the shift with the smallest

93



D results in shifting the predicted peak winds approximately an hour after the peak wind
in the data. It also causes the peak amplitude to be overestimated, particularly in August
and September, where it is overestimated by almost 30 m/s. It is also important to note
that for February, shifting the terdiurnal tide was unsuccessful at correcting the apparent
phase shift between data and HWM14, as evident from Figure 4.8. This indicates that there
is still something that is not fully being captured with this simple three-sinusoid model. In
future, adding additional terms onto this model may be necessary in order to correct the
discrepancy that is still present between model and data. Still, the general conclusion is that
the representation of the terdiurnal tide over South Africa in HWM14 does not appear to
match the data presented here, indicating the importance of having well-distributed data in

construction of such models.

Table 4.2: Phases of the original and shifted terdiurnal phases by month.

Months  Terdiurnal Phase,;; Terdiurnal Phasegp;feq A Terdiurnal Phase

Feb 2018 2.77 8.00 5.23
Mar 2018 2.53 19.20 16.67
Apr 2018 2.21 17.60 15.39
May 2018 2.30 19.20 16.90
Jun 2018 2.55 19.20 16.65
Jul 2018 2.53 19.20 16.67
Aug 2018 2.12 19.20 17.08
Sep 2018 1.37 17.60 16.23
Oct 2018 0.95 17.60 16.65
Nov 2018 1.50 17.60 16.10
Dec 2018 2.30 17.60 15.30
Jan 2019 2.72 12.8 10.08

4.4 Summary

This work presents the first results of the study on the nighttime thermospheric neutral winds
climatology over Sutherland, South Africa (i.e. midlatitude region) for a period between
February 2018 and January 2019. The study was conducted using data during geomagnet-
ically quiet conditions only, therefore only focusing on the effects of waves from below on
the wind variability. Overall, the trend of the meridional wind shows predominantly annual,
semiannual, and quasi-terannual variations of meridional wind where wind speed peaks in

January, June, and September. However, only an annual variation for the zonal wind was
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observed. During local summer months (December—February), the meridional wind is pre-
dominantly equatorward, while the winter months show slower, poleward winds in th early
evening. The peak of the equatorward wind and changes in the wind direction occur much
earlier (premidnight) in the spring/autumn months compared to winter months (where they
occur postmidnight). The equatorward summer and poleward winter winds are consistent
with stronger heating in the summer hemisphere. In addition these seasonal observations are

in line with observations made from other midlatitudes sites (e.g. Wu et al., 2019).

This study also found that the zonal wind velocities are generally eastward during the evening
just before midnight, and changed to westward post-midnight through to predawn. The
eastward-to-westward transition time in the summer is between 01:30 SLT and 02:00 SLT,
while the transition occurs much latter in the winter (between 04:00 and 05:30 SLT). Also,
the magnitude of zonal wind is between ~ 90 and 120 m/s, consistent with observations from
other sectors (e.g. Fejer et al., 2002; Fisher et al., 2015; Kaab et al., 2017).

There was a better agreement between the FPI measured winds and the HWM14 predicted
winds for the meridional component, and a particularly poor one for the zonal wind. Coupled
with the relative lack of ground-based data from southern Africa being used in the construc-
tion of HWM14, it is not surprising, then, that the match between the data and model are
not as good as in other sectors in which more ground-based data were available. For exam-
ple, Fisher et al. (2015) reported similar phase shift in locations whose data were not in the
formation of HWM14 when comparing HWM14 and the data, using Global High-resolution
Thermospheric Imaging (MIGHTI) in different sectors. The cause of the difference between
data and model observed in this study was investigated and determined to be the result of a

difference in phase shift of the terdiurnal tide.
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Chapter 5

Ionosonde derived neutral meridional
wind

Since ionosondes are more prolific with wider temporal and spatial coverage than FPIs,
many techniques have been developed to calculate meridional wind from their measure of the
ionospheric F2 peak height (hmF2) (Buonsanto et al., 1989; Buonsanto et al., 1997; Miller
et al., 1986; Dyson et al., 1997; Fagundes et al., 2008; Muella et al., 2008; Dandenault, 2018).
This chapter presents meridional wind derived using hmF2 data obtained from the South
African ionosonde network. The derivation is based on the servo model and validated using
an FPI. The results are also compared to the widely used horizontal wind model (HWM14),
and the Magnetic mEridional NeuTrAl Thermospheric (MENTAT) that was developed using
historic ionosonde data including data from our region of interest. The comparison to the
HWM14 and MENTAT is done to benchmark the performance of this technique since none
of the ionosonde stations are co-located with the FPI. Taylor diagrams are again used to

determine the model with the best agreement to the measurements.

5.1 Atmospheric models

This section provides descriptions of different atmospheric empirical models used in the

derivations of meridional neutral wind.

5.1.1 Mass-Spectrometer-Incoherent-Scatter (IMSIS)

The mass-spectrometer-incoherent-scatter (MSIS) model is an empirical global atmospheric
model that describes the neutral temperature and densities in the upper atmosphere (above
about 100 km) created by Hedin et al. (1988). The newest available version of MSIS is
NRLMSISE-00 which is an improvement of the previous models, i.e. MSIS-86 and MSIS-90
(Picone et al., 2002). The construction of NRLMSISE-00 used total mass density measure-
ments from satellite accelerometers, temperature data from incoherent scatter radar covering

a period of 1981-1997, and molecular oxygen number density measurements from solar UV
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occultation (Picone et al., 2002). MSIS model input includes time and date, altitude, geo-
graphical location, local time, 81 day average F'10.7 values, daily F10.7 from the previous day
and daily magnetic index. Model outputs include, but are not limited to, neutral densities of
O, Oy and Ny as well as neutral temperature (7},). These parameters were extensively used

in this study in servo the model.

5.1.2 The International Reference Ionosphere (IRI)

The international reference ionosphere (IRI) model is an empirical global model that provides
different ionospheric parameters such as electron density, electron temperature, ion temper-
ature, ion composition, ion drift, and ionospheric electron content (TEC) as a function of
geographic location, date, time and altitude (Rawer et al., 1978). The major data sources
for this model are the incoherent scatter radars, topside sounders and in situ instruments on
several satellite and rockets (Rawer et al., 1978; Bilitza, 1993). Several steadily improved
editions of the model have been released with the latest being IRI-2016 (Bilitza et al., 2017).
The input parameters includes solar indices, magnetic index, date, and geographical location.
The main application of IRI in this thesis is to provide electron and ion temperatures for the

servo model.

5.1.3 International Geomagnetic Reference Field (IGRF)

The international geomagnetic reference field (IGRF) is an internationally widely used em-
pirical model of the Earths magnetic field of internal origin and its secular variation (Zmuda,
1971). Although the model was developed in the 1960s, there have been several updates on
the model with the latest version released in 2014, called IGRF-12 (Mandea & Macmillan,
2000; Macmillan & Finlay, 2011). The negative gradient of a scalar potential V; (7,6, ¢, 1)
is the main field which satisfies the Laplace’s equation. This model has a set of spherical

harmonics, of which is a solution to the Laplaces equation:

N

Vi 0.0, = 0303 (4)" (@ (cos(mo) + b7 ()sin(mo)) Preos(®),  (5.1)
where a = 6371.2 km is the mean radius of the Earth, » denotes the radial distance from the
centre of the Earth, 6 represent the geocentric colatitude, ¢ denotes the east longitude, ¢ is the
time, P"cos(f) are the Schmidt-normalized associated Legendre functions of degree n and
order m, g'(t) and h}*(t) are the corresponding Gauss coefficients. The IGRF model provides
magnetic field parameters such as magnetic dip angle, magnetic inclination, dipole moment,
etc. The input parameters includes solar indices, magnetic index, date, and geographical
location. The only application of IGRF model in this research is to provide magnetic dip

angle estimates required for the servo model.
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5.1.4 MENTAT model

The MENTAT model is based on the Field Line Interhemispheric Plasma (FLIP) model,
which ingests ionosonde data and uses krigging for data interpolation. A global database of
ionosonde hmF2 observations between the period of 1961-1990 was used to develop a this
model. This database included hmF2 measurements over South Africa, a region of interest
in current study. Dandenault (2018) calculated magnetic meridional thermospheric neutral

winds using the equation given by:

hmF2(t + At) — I(t)

U(t+ At) = D)

+ U'(t), (5.2)

where h/(t) is a calculated height of the F2 layer, a(t) is the constant for small time steps

and U(t) is the equivalent neutral wind at time ¢.

5.2 Data Analysis

The period of the study presented here is February 2018 to July 2019, chosen to coincide with
FPI data availability. However, the ionosondes don’t all have data throughout this period,
therefore Table 5.1 shows the summary of each ionosonde’s data availability as well as their
distances from the FPI using Haversine formula (Dauni et al., 2019). In general, there is at
least 80% ionosonde and FPI data availability for each month. It is important to note that
the 10 months data availability over Madimbo covered the following periods: March—June
2018, December 2018, January—February 2019, and July 2019.

Table 5.1: Summary of period of study and their proximity to the FPI stations

Stations Period of study Number of Months Distance from the FPI (km)
Hermanus Feb 2018-Jan 2019 12 282
Grahamstown Jul 2018-Jun 2019 12 535
Louisvale Jul 2018-Dec 2018 6 434
Madimbo Mar 2018—-Jul 2019 10 1477

The period of study covers low solar activity phase of the solar cycle, with solar flux F10.7
ranging between 67 and 74 sfu, and the geomagnetic conditions are quiet, with the monthly
averaged Ap and Kp indices in the ranges of 5.50-9.45, and 1.2-1.9, respectively as shown in
Table 5.2.

In this study the [O] has been increased by 20% while [N3] and [Os] have been multiplied by a
factor of 8 to account for the uncertainties in the neutral densities as suggested by Buonsanto
et al. (1989) and Dyson et al. (1997). These adjustments in the neutral densities reduced the
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Table 5.2: Number of nights where the FPI and ionosonde data are available in each month,
average Kp, Ap and F10.7

Months  Nights Kp index Ap index F10.7

Feb 2018 23 1.5 6.88 70.0
Mar 2018 26 1.5 7.41 67.6
Apr 2018 28 1.4 7.07 70.6
May 2018 29 1.4 7.28 72.5
Jun 2018 26 1.5 7.18 74.9
Jul 2018 30 1.3 5.50 72.0
Aug 2018 27 1.4 6.01 70.0
Sep 2018 24 1.9 9.45 69.0
Oct 2018 28 1.3 6.30 69.0
Nov 2018 26 1.2 5.96 67.5
Dec 2018 26 1.2 5.62 67.7
Jan 2019 31 1.3 6.77 68.3
Feb 2019 28 1.2 5.77 67.4
Mar 2019 29 1.3 6.75 68.5
Apr 2019 28 1.4 6.74 69.6
May 2019 31 1.2 7.37 67.8
Jun 2019 29 1.3 6.47 67.2
Jul 2019 30 1.3 6.56 70.2

magnitude of the equatorward wind and was found to lead to a better agreement with the
measurements. Dalgarno (1964) suggested that the Burside factor f, found in equation 3.43,
should be 1. However, a value of 1.7-2.0 is suggested by latter studies (e.g. Buonsanto et al.,
1989; Salah, 1993), while others have recommended that this factor should be decreased
between 1.0 and 1.3 (e.g. Pesnell et al., 1993; Reddy et al., 1994; Buonsanto et al., 1997;
Fagundes et al., 2008; Dandenault, 2018), and Dyson et al. (1997) suggested that this factor
should be increased to 2.0 for the midlatitude. This work adopts the suggestion by Dyson
et al. (1997) as it was observed that using a small Burside factor results in large equatorward

wind when the diffusion is more important.

5.3 Results

Figures 5.1-5.4 present meridional wind derived using the servo model (blue), MENTAT
(magenta), and HWM14 (green) over Hermanus, Grahamstown, Madimbo, and Louisvale,
respectively. Superposed on these figures is the measured meridional wind from the Suther-
land FPI, which has been rotated along the magnetic meridian to match the ionosonde by
multiplying the FPI data with cosine of the magnetic declination angle of the FPI site. Note
that data from different ionosonde stations were available in different months during the

period of this study as presented in Table 5.1. Therefore the months are not consistent
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throughout all the stations.

Figure 5.1: Monthly averaged meridional wind derived using the servo model (blue), MEN-
TAT model (magenta), HWM14 model (green) and measured by FPI (red) during the period
of February 2018-January 2019 over Hermanus.

As illustrated in Figure 5.1 for the Hermanus ionosonde station, the servo model follows FPI
measured wind very closely, including matching the wind peak for most months, especially
in April, May, and August, whereas HWM14 and MENTAT models largely underestimated
and/or overestimated the wind. In particular, the servo model correctly projected post-
sunset poleward wind (e.g. March, May and August) and mostly /entirely equatorward wind
throughout the night (e.g. October-December 2018). In addition, the servo model matched
observation in predicting the poleward-to-equatorward transition observed around 18:00-

19:00 UT in March, May, and August, whereas in HWM14 and MENTAT this occurred a bit
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latter, at around 18:00 UT-22:00 UT. However, in some of these months, especially in Febru-
ary, March, September, December, and January, the servo model largely underestimated the
wind by as much as 20 m/s. In comparison during the same period, HWM14 and MENTAT
also mostly underestimate/overestimate the amplitude of the meridional wind, by ~ 30 m/s

and ~ 20 m/s respectively.

Figure 5.2: Monthly averaged meridional wind derived using the servo model (blue), MEN-
TAT model (magenta), HWM14 model (green) and measured by FPI (red) during the period
of July 2018—-June 2019 over Grahamstown.

Figure 5.2 presents the results obtained from the Grahamstown ionosonde station. The servo
model largely matches the measured wind variability and accurately estimated an equator-

ward wind throughout the night in August-March, but overestimates the meridional winds
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Figure 5.3: Monthly averaged meridional wind derived using the servo model (blue), MEN-
TAT model (magenta), HWM14 model (green) and measured by FPI (red) during the period
of March 2018-February 2019 over Madimbo.

by as much as ~25 m/s in November—December, while the HWM14 and MENTAT models
over /under estimates by only ~10 m/s during the similar period. While the servo model inac-
curately shows equatorward throughout April-June, HWM14 and MENTAT models correctly
predict winds that transition from poleward to equatorward but with inaccuarate transition

times, e.g. they transition by as much as 2-3 hours early in June.

Figure 5.3 shows that over Madimbo the servo model reproduces a predominant meridional
equatorward wind for the entire nights in May, July, and October—February similar to the
measured data but incorrectly projects an equatorward wind in March—April and June. How-

ever, this model inaccurately overestimates the peak and amplitude of the meridional wind

62



by ~ 20 m/s at around 18:00-00:00 UT in May, October, and November. In addition, the
peak of the equatorward wind occurs ~ 2 hours earlier in the servo model than in measured
data. The HWM14 and MENTAT correctly projects poleward winds from 18:00-22:00 UT
in April and June. The poleward-to-equatorward transition occurs at almost the same time
as in the measured data in this period. However, the HWM14 and MENTAT models inaccu-
rately predict a poleward wind in July—October, while in November—January, the predicted
wind matches the measured data. The servo model mostly overestimate the amplitude of
the meridional wind by ~10 m/s in this period. HWM14 and MENTAT mostly overes-
timate/underestimate the amplitude of the meridional wind by ~ 20 m/s and ~ 10 m/s,

respectively, for example in May-February.

Figure 5.4 shows that although the servo model using Louisvale ionosonde data correctly ex-
hibits a predominantly equatorward wind seen by the FPI, the model’s wind amplitudes are
inaccurate. For example, the wind peak is overestimated by about 15-20 m/s in most months
except September when it is underestimated by ~20-25 m/s. Furthermore, the model also
underestimates the poleward to equatorward wind transition time by about 2 hours from
FPI transition in August. In contrast, the HWM14 also shows a predominant equatorward
wind for most of the months, except July, but largely overestimates the wind amplitudes
by as much as 25 m/s. Also, the MENTAT model only correctly predicts a predominant
equatorward wind in December and mostly underestimates the wind amplitude by as much
as 15 m/s. Furthermore, the MENTAT overestimated the poleward to equatorward wind
transition time seen in FPI data in July and August by about 3 hours, while the HWM 14

overestimated it by ~ 2 hours in July and underestimated it by ~ 2 hours in August.

Figures 5.5-5.8 present Taylor diagrams for each of the ionosondes stations and Table 5.3
indicates the model with the best agreement in different seasons and per station. Note that
the model with the best agreement with measurements mostly fulfils these three criteria:
have strong-to-very strong correlation coefficient (i.e. mostly R is 0.6-0.90), low root mean

square error, and the normalized standard deviation close to 1.

The meridional wind derived using the servo model yielded the best agreement to the mea-
surements in February, April, May, July, August, October and November over Hermanus as
shown in Figure 5.5. On the other hand, the HWM14 model produced the best agreement in
March, June, September, December and January. The model that performed the worst was
the MENTAT model, as it yielded high RMSE and not close to the reference data, although
it has high correlation coefficient in some of the months, e.g., May. Overall the servo model
showed the best performance in 58% of the months, while HWM14 did similarly in 42% of

the months.
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Figure 5.4: Monthly averaged meridional wind derived using the servo model (blue), MEN-
TAT model (magenta), HWM14 model (green) and measured by FPI over Louisvale during
the period of July-December 2018 over Louisvale.

Figure 5.6 shows that the meridional wind derived using the HWM14 model yield the best
agreement with the FPI measurements in July, August, September, October, December,
and January over Grahamstown. In addition, the servo model had the best agreement with
observations in February, March, April, and May, while the MENTAT model had the best
agreement in only November. This means that in general HWM14 predictions were most
accurate compared to the other models in 58% of the months, while the servo and MENTAT
models in 33% and 8% of the months, respectively.
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Figure 5.5: Taylor diagram showing performance of servo (red cross), MENTAT (cyan star)
and HWM14 model (magenta asterisk) over Hermanus during the period of February 2018-

January 2019.
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Table 5.3: Different models agreement according to Taylor diagram per month and stations.

Stations

Months

servo model

MENTAT model

HWM14

Hermanus

Feb 2018
Mar 2018
Apr 2018
May 2018
Jun 2018
Jul 2018
Aug 2018
Sep 2018
Oct 2018
Nov 2018
Dec 2018
Jan 2019

Best agreement
Best agreement
Best agreement
Best agreement
Best agreement
Best agreement
Best agreement

Best agreement
Best agreement
Best agreement

Best agreement
Best agreement

Grahamstown

Jul 2018
Aug 2018
Sep 2018
Oct 2018
Nov 2018
Dec 2018
Jan 2019
Feb 2019
Mar 2019
Apr 2019
May 2019
Jun 2019

Best agreement
Best agreement
Best agreement
Best agreement

Best agreement
Best agreement
Best agreement
Best agreement
Best agreement
Best agreement

Best agreement

Madimbo

Mar 2018
Apr 2018
May 2018
Jun 2018
Oct 2018
Nov 2018
Dec 2018
Jan 2019
Feb 2019
Jul 2019

Best agreement
Best agreement
Best agreement

Best agreement

Best agreement
Best agreement
Best agreement
Best agreement

Best agreement
Best agreement

Louisvale

Jul 2018
Aug 2018
Sep 2018
Oct 2018
Nov 2018
Dec 2018

Best agreement

Best agreement

Best agreement

Best agreement
Best agreement
Best agreement

The meridional wind derived using the servo model yielded the best agreement to the mea-

surements in March, April, May, and January over Madimbo as shown in Figure 5.7. Sim-
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ilarly, the MENTAT model matched the same level of agreement with the servo model at
this same station with the best agreement in June, October, November, and December. On
the other hand, the HWM14 model produced the best agreement in July and February, this
model performed worst over this station. Overall the servo model and MENTAT showed the

best performance in 40% of the months, while HWM14 has the best performance in 20% of
the months.

Madimbo station
Apr

Mar * HWM14
MENTAT

+ servo

)
(&@
Nl

Standard deviation{Normalized) Standard deviation{Normalized) Standard deviation{Normalized)

Figure 5.7: Taylor diagram showing performance of servo (red cross), MENTAT (cyan star)
and HWM14 model (magenta asterisk) over Madimbo during the period of March 2018-July
2019.

Figure 5.8 shows that the meridional wind derived using the HWM14 model yield the best
agreement with the FPI measurements in August, September, and October over Louisvale.
In addition, the servo model had the best agreement with observations in July and December
while the MENTAT model had the best agreement in only November. In general HWM14
predictions were most accurate compared to the other models in 50% of the months, while
the servo and MENTAT models in 33% and 17% of the months, respectively.

5.4 Discussion

The ability to accurately estimate the thermospheric wind is important for accurate modeling

of the ionosphere, to better explicate ionospheric and thermospheric phenomena related to
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Figure 5.8: Taylor diagram showing performance of servo (red cross), MENTAT (cyan star)
and HWM14 model (magenta asterisk) over Louisvale during the period of July-December
2018.

the neutral winds, and for an improved understanding of thermospheric dynamics. This
study has found a good agreement between the ionosonde derived meridional wind using the
servo method and FPI measured wind, although there are some discrepancies which vary per
models, stations, and seasons. This finding is in agreement with other studies of meridional
wind derived from ionosonde using similar principles (e.g. Miller et al., 1986; Titheridge,
1995a; Buonsanto et al., 1997; Dyson et al., 1997; Liu et al., 2003; Muella et al., 2008).

Both servo and HWM14 showed equatorward wind from dusk to dawn during the local
summer months as observed in the FPI measurements consistent with previous works (e.g.
Titheridge, 1995a; Fisher et al., 2015; Kaab et al., 2017). However, the MENTAT model failed
to reproduce an equatorward wind observed during the summer months over this region, this
finding contradicts what was previously reported by Dandenault (2018). At midlatitudes, as
shown in Figures 5.1-5.4 across the ionosonde stations, the meridional neutral wind has a
general pattern of equatorward motion around midnight hours in agreement similar studies
(e.g. Buonsanto et al., 1989; Titheridge, 1995a; Titheridge, 1995b; Dandenault, 2018).

The servo model was observed to sometimes wrongly overestimate /underestimate the merid-

ional winds around dawn (sunrise) in some months across the stations. This inaccuracy at

around the dawn of the servo model may be explained by the large upward O" flux in the
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topside shifting the zero-wind F-peak downward from the balanced height or equilibrium level
where recombination and diffusion are of equal importance (Titheridge, 1995a; Titheridge,
1995b). Remarkably, the servo model’s inaccuracy was also noticed by previous studies (e.g.
Buonsanto et al., 1989; Dowdy, 1993; Titheridge, 1995a; Titheridge, 1995b; Buonsanto et al.,
1997; Fagundes et al., 1997; Dandenault, 2018).

This research found that ionosonde sites closer to the location of the FPI produce better
estimates of servo wind than stations further away. For example, the Hermanus ionosonde,
which is closest to the FPI location, has the best agreements across models, followed by the
Louisvale ionosonde station, while it was observed that models using data from Madimbo,
the farthest distance to the FPI, have large discrepancies with the observations. Further-
more, it is expected that empirical models which incorporated local ionosondes data during
their development will perform better in those regions. This is somewhat supported by the
results of this study which showed that the servo and MENTAT models, which used local
data, yielded best agreements with observations in 2 and 1 stations, respectively, out of 4
stations. However, contrary to this the HWM14, which hardly has local data representation,

also yielded the best agreement in 2 out of 4 stations.

Some of the inaccuracies of the servo model may be driven by the quality of the input data.
For example, a low hmF2 will be incorrectly interpreted as the effect of poleward wind, when
the peak in the altitude distribution of O% is higher than the F2 layer peak height (Buon-
santo, 1990; Buonsanto et al., 1997). In addition, it should be noted that the MSISE, IRI,
and IGRF models that provide the neutral densities, temperatures, and magnetic dip angle,
respectively, have less ground-based data in the Southern Hemisphere in their developments.
These models are accompanied with some uncertainties, and these may have some effect in
the servo model’s derivation of meridional neutral winds. These uncertainties have been re-
ported in previous studies (e.g. Buonsanto et al., 1997; Dyson et al., 1997, Buonsanto et al.,
1989; Luan & Solomon, 2008). In addition, the discrepancies observed in the servo model
could also be due to the altitude difference between hmF2 (~200-300 km) and peak height
of the 630.0 nm airglow emission measured by the FPI (assumed to be ~250 km), which will
be exacerbated if there are any strong altitude gradients (Dandenault, 2018). Also, airglow
contamination of the 630.0 nm from mesospheric OH emission can affect the accuracy of the
measured meridional winds and this may contribute to the discrepancy between servo and
measured winds (Burnside & Tepley, 1990; Mende et al., 1993; Dandenault, 2018).
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5.5 Summary

Meridional wind derived from hmF2 measurements by the South African midlatitude ionoson-
des was presented. The derivation was based on the servo model and the wind results
were validated using FPI measurements and benchmarked with global models, i.e. HWM14
and MENTAT. The servo model was found to reasonably predict accurate trends of winds
when compared to the FPI, especially during the summer and early winter months. It was
also found to yield the best agreement to the observed winds in 2 stations (Hermanus and
Madimbo), similar to the HWM14 (but in Grahamstown and Louisvale), but MENTAT only
did so in 1 station (also Madimbo). Furthermore, results presented here showed that the
ionosonde station closest to the FPI location (i.e. Hermanus) has better wind projection

with the observed data compared to the ionosonde stations that are located farther.
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Chapter 6

Tidal variability in thermospheric winds

This chapter presents the extraction and analysis of atmospheric tides, namely the diurnal,
semidiurnal, and terdiurnal components, from a year of quiet-time FPI observations over
Sutherland, South Africa. The goal of this study is to investigate the long-term tidal winds
variations from the thermospheric wind measurements obtained from the FPI by determining
which tidal component(s) dominate(s) during different seasons. This is important because
the contribution of tides to the wind has been shown to influence the thermospheric temper-
ature structure. For example, the midnight temperature maximum (MTM) results from the

semi-diurnal tide generating convergence in thermospheric winds (Meriwether, 2006).

Since spectral analysis provides the road map to determine the dominant oscillation modes,
it was applied to the FPI wind measurements to determine the periodicities of the wind’s
cyclical variations. Most of the spectral analysis techniques require a uniformly sampled
time series, e.g. Fourier transform (FT) and wavelet analysis. However, data obtained from
FPIs are often unevenly spaced in time, either due to the nature of the instrument’s oper-
ation or data gaps, necessitating the use of Lomb Scargle analysis in determining dominant
tidal frequencies/periods throughout the year. This method is preferred over the fast Fourier
transform because it minimizes the addition of spectral information created when interpo-

lating to fill in data gaps.

Lomb-Scargle is a well-known algorithm for detecting and characterizing periodicity in un-
evenly sampled time-series (Press & Rybicki, 1989; Hernandez et al., 1993; Oznovich et al.,
1997; Fisher et al., 1999; Fisher et al., 2002; Fisher, 2017). The Lomb-Scargle analysis also
provides estimates of the significant height of a spectral peak. Lomb (1976) and Scargle
(1982) defined the Lomb-Scargle periodogram for N observations of xj, taken at times t,
where k = 1,..., N, as:
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The Lomb Scargle analysis was performed by using a MATLAB function, and returns the
Lomb-Scargle power spectral density (PSD) estimate of a data that is sampled at the instants
specified in time (Press & Rybicki, 1989; Horne & Baliunas, 1986). It should be noted that

time must be positive and increase monotonically even if its not uniformly spaced.

6.1 Results

This section presents the power spectral density results for the FPI measurements of ther-
mospheric winds between February 2018 and January 2019. Separate frequency analyses are
done for each of the directions because they are binned independently, i.e. monthly aver-
ages were done for the wind in each direction before inputting them into the Lomb Scargle
analysis. Peaks of the PSD are only counted if they surpass at least 90% significant level
throughout the whole data set, signifying that they are most probably geophysical.

Figure 6.1 presents PSD for the north and south components of the meridional wind. No-
ticeable peaks are seen around the diurnal, semidiurnal, and terdiurnal tidal periods, which
are summarised in Table 6.1. However the detected tidal components’ periods may vary and
their detection may also vary with months as well as wind direction. For example, for the
diurnal tide the period vary between 23.0 and 25.7 hours, and although it is observed in all
months it is more prominent in April-August and October—December, with PSD amplitude
peaking in May. The period of the semidiurnal tide varies between 12.0 and 12.4 hours and
it is also observed in all the months with maximum PSD amplitude in March—May, July,
and September—October. It is the most dominant tidal component detected in meridional
winds throughout all the months since it has the highest PSD amplitudes compared to the
other tidal components. The terdiurnal tidal component with a period range of 8.0-8.6 hours
is observed in almost all months but barely visually identifiable in June-August. Also, al-

though it is more dominant in February-March, September-October and January, it has a
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Figure 6.1: Lomb Scargle analysis of the south and north wind direction during the period
of February 2018 to January 2019.

maximum PSD in March. Lastly, the signature of the 6 hour tide is clearly detectable in
March, May, and January. It is also the least detected tidal component, in terms of PSD
amplitude and time of year, i.e. it has the smallest amplitudes and is observed less often.
In addition, these tidal components are sometimes detected more strongly in one meridional
wind direction versus the other; for example, the diurnal tide has a higher PSD amplitudes
in the meridional winds measured in the south compared to the north, most noticeably in

April, May, and July—December. Likewise, the semidiurnal and terdiurnal tides are mostly
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stronger in the north meridional wind compared to the south, except in October—November.

Table 6.1: summary of the peak periods and their respective PSD values for the north and
south directions of meridional neutral wind.

Tidal components | 24hrs 12 hrs 8 hrs 6hrs
Months north south | north south | north south | north south
Februay 23.7  23.6 12.0 12.0 8.0 8.0 - -
March 23.9 257 | 121 12.0 8.0 8.0 - 6.0

April 24.3 24.0 12.0 12.0 8.0 8.0 6.0 6.0
May 24.0 24.0 12.1 12.0 8.0 8.0 6.0 6.0
June 24.0 24.0 12.1 12.0 - 8.0 - -
July 24.0 24.0 12.1 12.0 8.0 8.6 6.0 6.2
August 23.8 241 12.0 12.0 8.0 8.4 - 6.1
September 23.8 239 124 12.0 8.0 8.0 - -
October 23.4 242 12.1 12.1 8.0 8.0 - 6.0
November 23.3 238 12.0 12.0 8.0 8.0 - -
December 25.6 24.0 12.4 12.0 8.0 8.0 - -
January 24.0 242 12.0 12.1 8.0 8.0 - 6.0

Similarly, for the PSD of the zonal wind presented in Figure 6.2, noticeable peaks are seen
around the diurnal, semidiurnal, and terdiurnal tidal periods with their periods summarised
in Table 6.2. However the detected components’ periods and amplitudes vary monthly as well
as wind direction. For example, for the diurnal tide the period vary between 23.3 and 24.2
hours, and although it is observed in all months, the PSD amplitude peaks in December—
January. The period of the semidiurnal tide varies between 12.0 and 12.4 hours and it
is also observed in all the months but with PSD amplitude peaking in April, October, and
December—January. The tidal terdiurnal component with a period range of 8.0-8.4 hours was
observed in the months but was more dominant in March, and August—December. Lastly,
the ~6 hour tide was detected in some months, for example, March, April, May, and July
although the amplitudes of the PSD are lower compared to other tidal components, and was
not detected in all the months. Furthermore, the diurnal tide has higher PSD amplitudes in
the zonal wind measured in the east, most noticeably in MarchMay and September—January,
compared to the west. Generally, there exist variations in the peak period and PSD values
across the year in both wind directions. The peak of the power spectral of the 12 hour tidal
component is generally stronger than the 24, 8, and 6 hour components. This result indicates

that the 12 hour tides dominate the dynamic structure of the lower thermosphere. In addi-
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Figure 6.2: Lomb Scargle analysis of the west and east wind direction during the period of
February 2018 to January 2019.

tion, although some periods of the tidal components detected in both meridional and zonal

winds from the FPI measured wind over this region matched those of solar tides and some

lunar tides, it is difficult to distinguish and be certain of their origin due to the ambiguity of

the data.
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Table 6.2: Summary of the peak periods and their respective PSD values for the west and
east direction of zonal neutral wind

Tidal components | 24hrs 12 hrs 8 hrs 6hrs
Months west east | west east | west east | west east
February 241 240| 120 12.0| 80 8.0 - -
March 24.0 242 121 120| 80 80 | 6.0 -
April 241 235] 120 120| 80 80 | 6.0
May 23.6 24.2] 120 120| 80 8.0 - 6.0
June 24.0 233] 120 120| 80 8.0 - -
July 235 24.1] 120 120| 80 80 | 6.9 -
August 241 242 120 120| 80 8.0 - -
September 24.0 239 124 124| 84 8.0 - -
October 241 24.2] 120 120| 80 8.0 - -
November 240 238] 120 120| 81 8.0 - -
December 241 241 ] 120 120| 80 8.0 - -
January 242 242| 121 12.0| 80 8.0 - -

6.2 Discussion

The thermospheric wind from the FPI measurements located in Sutherland, South Africa,
from February 2018-January 2019 has been used to analyze different monthly tidal compo-
nents, dominant monthly tidal components, and their variability for the first time over this
region. Quasi-periodic oscillations with periods similar to those of tidal harmonics were de-
tected regularly from both meridional and zonal thermospheric winds. However, the detected
periods of the tidal components varied in some months and Fisher et al. (1999) suggested
that this apparent fluctuation may be due to unresolved combinations of tidal frequencies and
planetary waves or due to undersampling and aliasing of the geophysical winds. Generally,
the results presented here agree with previous studies that have been reported in different
locations using various instruments (e.g. Vasseur, 1969; Deng et al., 1997; Zhou et al., 1997;
Fisher et al., 1999; Fisher et al., 2002).

Most of the extracted periods of the tidal components, shown in Tables 6.1-6.2, are closer to
the periods expected of solar tides than lunar tides, which may suggest that solar tides were
more dominant than lunar tides. This observations may be supported by literature where
it has been reported that the dominant dynamic feature of the upper mesosphere and the
lower thermosphere is the solar thermal tide (Teitelbaum et al., 1989; Fuller-Rowell, 1995).
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The strongest forcing of migrating tides is due to solar radiation absorption by tropospheric

water vapour and stratospheric ozone (Lindzen, 1967; Teitelbaum et al., 1989).

The diurnal tide was observed in both meridional and zonal winds as shown in Figures 6.1
and 6.2. This result agrees with previous theoretical work and studies done at other lati-
tudes using similar ground based instruments. For example, theoretical work by Buonsanto
(1999) showed that the diurnal tide is largely due to in situ excitation. Also Drob (1996)
used redline (630.0nm) airglow emission measurements by an FPI to investigate the existence
of tidal components and found a large diurnal oscillation. The diurnal tide reported here
most probably represents the response of the atmosphere to the largest component of solar
heating. Past observations have shown that the diurnal tide is dominated at low latitudes
by the migrating diurnal tide, which itself is dominated by the upward propagating diurnal
Hough mode, while evanescent modes dominate the diurnal tidal response at mid to high
latitudes (Hays et al., 1994; Burrage et al., 1995; Wu et al., 2006; Wu et al., 2008). The
diurnal tide has a strong amplitude and is frequently observed across the months, consistent
with reports from various instruments (e.g.Forbes et al., 1995). The results presented here
showed that the signature of the diurnal tide in the meridional (zonal) wind was stronger in
winter (summer) and weaker in summer (winter). This analysis is consistent with previous
studies in terms of the presence of a diurnal tidal component in different seasons and sea-
sonal variations, for example, Gong et al. (2021) shows strong diurnal tide during summer

and winter at ~250 km compared to the other seasons.

The semidiurnal tide is the most dominant tidal component in both meridional and zonal
winds, as shown in Figures 6.1 and 6.2, consistent with previous studies that have used sim-
ilar FPI instruments and with studies from other latitudes (e.g. Myrabg, 1984; Walterscheid
et al., 1986; Sivjee et al., 1994; Forbes et al., 1995; Walterscheid & Sivjee, 1996; Oznovich
et al., 1997; Fisher et al., 1999; Fisher et al., 2002; Schunk & Nagy, 2009). The semidiurnal
tide was dominant in almost all the months and seasons, i.e. higher PSD amplitudes in most
months of all seasons except summer (winter) in the meridional (zonal) wind. This result is
consistent with the report by Harper (1981) using the Arecibo ISR measurements, and con-
cluded that semidiurnal tide dominates the wind field above 110 km. The non-season trend
in the semidiurnal tide in both meridional and zonal winds presented here is inconsistent with
previous studies. For example, Goncharenko & Salah (1998) reported a strong semidiurnal
signature during equinox and summer when using measurements taken below 130 km. On the
other hand, Gong et al. (2021) showed that the semidiurnal signature is stronger in autumn
compared to other season above 250 km. These variations in PSD peak may be attributed
to changes in the wind pattern in the middle atmosphere altering the vertical propagation
conditions of the tide (Fuller-Rowell et al., 2010; Jin et al., 2012; Fuller-Rowell et al., 2016).
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For example, the summer peak of the semidiurnal tide of the zonal wind could be due to
zonal-mean circulation of the thermosphere driven by differential solar heating, which is from
summer to winter with upwelling in the summer hemisphere and downwelling in the winter
hemisphere (Forbes, 2007). The weak summer semidiurnal tide amplitudes could be due to
ion drag in momentum coupling between the diurnal component of neutral winds and the
diurnal variations of ion densities and drifts which occur in summer (Amayenc, 1974; Mayr
et al., 1979; Forbes, 1982).

In this result, the amplitude of the terdiurnal tidal component is generally smaller than the
diurnal or semidiurnal tide, consistent with studies by Zhao et al. (2005) and Gong & Zhou
(2011). A terdiurnal tide was observed in both meridional and zonal winds across all months
analysed. The semidiurnal tide may be generated from coupling between the diurnal and
semidiurnal variations in winds, while ion drag excite the terdiurnal tide and higher-order
modes (e.g., Mayr et al., 1979; Forbes, 1982; Thayaparan, 1997). In addition, Teitelbaum
et al. (1989) theoretically showed that a significant terdiurnal oscillation can be generated
by the superposition of a solar-driven 8 hours tide and a non-linear interaction between
the diurnal and semidiurnal tides. The terdiurnal tides exhibit a seasonal variation. This
tidal component is stronger in winter for the meridional wind compared to other seasons,
this result agrees with typical midlatitude trends reported by other studies (e.g. Manson &
Meek, 1986; Manson et al., 1989; Thayaparan, 1997). Generally, the 6-hour tidal component
has a small amplitude compared to the 24, 12, and 8 tidal components, and it is occasionally
observed. This is consistent with previous studies (e.g. She et al., 2002 ; Jacobi et al., 2017;
Gong et al., 2018). The 6-hour tide is mostly detected during winter. This result agrees with
previous reports (e.g. Liu et al., 2015; Xu et al., 2012; Xu et al., 2014).

6.3 Summary

This chapter briefly described the spectral analysis-Lomb Scargle analysis. Different tidal
harmonics (24, 12, 8, and 6 hours) were extracted from the neutral winds from the FPI
located in Sutherland, South Africa. Generally, the semidiurnal tidal component was the
most dominant component across the months. The diurnal and terdiurnal tides exhibit a
seasonal variation. For example diurnal tide in the meridional (zonal) wind was stronger
in winter (summer) and weaker in summer (winter) and the terdiurnal tide component is
stronger in winter for the meridional wind compared to other seasons. There is no detected

seasonal variation in the semidiurnal tide in both meridional and zonal winds.
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Chapter 7

Conclusions and Future work

Thermospheric neutral winds greatly influence the dynamics in the upper atmosphere as they
play a crucial role in the dynamics of the ionospheric F region as well as in the generation of
electric fields and currents, instabilities, and Joule heating (Rees, 1995; Heelis, 2004). Despite
their huge signicant contribution to ionospheric dynamics, they are generally insufficiently
sampled, especially in the southern midlatitude region in Africa due to lack of observations.
Therefore, in an effort to bridge this gap, this project focused on studying the dynamics of the
nighttime thermospheric winds over Sutherland, South Africa, using the observations from
a ground-based FPI. The contribution of atmospheric tides to the neutral wind dynamics
over this location was also investigated. In addition, in an attempt to extend neutral wind
measurements from a single location (Sutherland) to a large area, ionospheric measurements
from four ionosondes belonging to the South African ionosonde network were used to derive

meridional wind.

7.1 Summary and conclusion

In this work, a brief introduction to and description of the upper atmosphere, thermospheric
neutral winds and tides, as well as a mathematical derivation of atmospheric tides were pre-
sented. A chapter was dedicated to discussing detailed processes of FPI of observations,
ionosondes, and ionosondes derived meridional as well as, data analysis. In general terms,

this study was done in three distinct phases, as summarised below.

In the first phase, the first results of the climatology of thermospheric neutral winds were
presented using the fairly recently installed FPI located in Sutherland, South Africa (32.2°S,
20.48°E; geomagnetic latitude: 40.7°S), during a geomagnetically quiet period of February
2018-January 2019. The annual behaviour showed meridional wind that is more equator-
ward during summer, with the poleward wind seen mostly in the early evening during local
winter. In addition to the annual variation, the meridional wind exhibited semiannual and
quasi-terannual variations where the wind velocities peak around the summer and winter

solstices (i.e. January and June) as well as around the spring equinox (i.e. September), with
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the highest peak seen in summer. The zonal wind exhibited an annual variation, where it
was more eastward during winter than summer, and higher in the winter months compared
to other seasons. Furthermore, the monthly averages of nighttime thermospheric winds from
the HWM14 were validated with the FPI measured data and the model was found to have
better agreement with the measurements for the meridional winds compared to the zonal
winds. In addition, the HWM14 zonal wind consistently peaked several hours (~3 h) prior
to the measured wind. The cause of this temporal difference was investigated and determined
to be the result of a difference in phase shift of the terdiurnal tide. This was achieved by
decomposing the HWM14 modeled winds into different tidal components and adjusting the
properties of the terdiurnal tide alone, which resulted into an improved agreement between

measured and modeled zonal winds.

The second phase focused on deriving meridional wind from ionosonde measurements, since
ionosondes are more prolific with wider temporal and spatial coverage than FPIs. In addi-
tion, many techniques have been developed to calculate meridional wind from ionospheric F2
peak height (hmF2) measurements (Miller et al., 1986; Buonsanto et al., 1989; Buonsanto
et al., 1997; Dyson et al., 1997; Fagundes et al., 2008; Muella et al., 2008; Dandenault, 2018).
This study used hmF2 measurements from 4 ionosondes located in Grahamstown, Hermanus,
Louisvale and Madimbo to derive the meridional wind based on the servo model, which was
then validated using the Sutherland based FPI. The results were also compared to the widely
used HWM14, and a model that was developed using historic ionosonde data, including data
from our region of interest, called MENTAT in order to benchmark the performance of the
servo model. Benchmarking servo model against other models was especially important since
none of the ionosonde stations are co-located with the FPI. It was found that the station
closest to the FPI, i.e. Hermanus, had better agreement with measurements. Results also
showed that generally the servo and HWM14 models provided the best estimates of merid-
ional wind 58% of the time.

Lastly, the final phase of the project focused on extraction and analysis of atmospheric tides
from a year of quiet-time Sutherland FPI observations. In addition, variations of these
tidal signatures in the FPI wind measurements were investigated by determining which tidal
components dominate in each season. Noticeable peaks were mostly seen around the diurnal,
semidiurnal, and terdiurnal tidal periods with their periods and PSD amplitudes across the
months of observations. The results presented here showed that the semidiurnal tide was the
most dominant tidal component throughout the period of this study. In terms of seasonal
variations of the tidal signatures, the diurnal tide was stronger in winter (in meridional wind)
and summer (in zonal wind). Similarly, the terdiurnal tide was stronger in summer (zonal

wind) and winter (meridional wind), while the semidiurnal tide had no clear seasonal trend.
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Lastly, the 6 hour tide was also detected in a few months and had the smallest amplitude.

7.2 Future work

This study presented the first tidal analysis from the FPI observations over Sutherland,
South Africa, where different tidal components such as diurnal, semidiurnal, and terdiurnal
were investigated. The scope of the study can be extended using FPI from other latitudes
over the African region, such as Ethiopia, Morocco and Nigeria, so that it would be possible
to investigate migrating and non-migrating tides, since migrating and non-migrating tides
could not be calculated using data from a single instrument and because tidal influences on
thermospheric measurements over this region has not been fully studied yet. Furthermore,
although the diurnal and terdiurnal tides exhibited clear seasonal variations, their trends
were sometimes different from those observed in other studies. Also, no seasonal trend was
detected for the semidiurnal tide in both meridional and zonal winds. Further investigation
of the seasonal variations of the tides using longer term dataset in this region is therefore

encouraged.

In addition to neutral winds the FPI also measures neutral temperature, but this parameter
was not studied in this project, and therefore a study to understand the variability of the
temperature over this region would be valuable. One of the interesting features on the night-
time thermospheric neutral temperature is the midnight temperature maximum (MTM). The
MTM has mostly been studied in various regions such as North and South America, Fast
Africa, Caribbean, and Indian (e.g. Fesen, 1996; Faivre et al., 2006; Martinis et al., 2006;
Meriwether et al., 2008; Akmaev et al., 2009; Akmaev et al., 2010; Oliver et al., 2012; Ruan
et al., 2013; Hickey et al., 2014), therefore an investigation of this feature using the South
African FPI would provide further insight on it.

Due to the sparsity of ionosondes over the Africa continent, the servo model can be extended
to the whole of the continent with the use of hmF2 from LEO satellites like COSMIC. Results
from a comparison between HWM14 and FPI data showed better agreement between FPI
measured winds and HWM14 modeled winds for the meridional component compared to the
zonal component. HWM14 zonal wind consistently peaked several hours (~3 hour) prior
to the measured wind due to a phase shift of the terdiurnal tide. Since there is some wind
variation that is not currently captured by HWM14 over this region, to further improve on
the model’s predicton capability, data from the FPI in Sutherland should be used for future
versions of the HWM.
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