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Abstract

The ionosphere is of practical importance for satellite-based communication and
navigation systems due to its variable refractive nature which affects the propaga-
tion of trans-ionospheric radio signals. This thesis reports on the first attempt to
investigate the mechanisms responsible for the generation of positive ionospheric
storm effects over mid-latitude South Africa. The storm response on 15 May 2005
was associated with equatorward neutral winds and the passage of travelling iono-
spheric disturbances (TIDs). The two TIDs reported in this thesis propagated
with average velocities of ~438 m/s and ~515 m/s respectively. The velocity of
the first TID (i.e. 438 m/s) is consistent with the velocities calculated in other
studies for the same storm event. In a second case study, the positive storm en-
hancement on both 25 and 27 July 2004 lasted for more than 7 hours, and were
classified as long-duration positive ionospheric storm effects. It has been suggested
that the long-duration positive storm effects could have been caused by large-scale
thermospheric wind circulation and enhanced equatorward neutral winds. These
processes were in turn most likely to have been driven by enhanced and sustained
energy input in the high-latitude ionosphere due to Joule heating and particle en-
ergy injection. This is evident by the prolonged high-level geomagnetic activity on
both 25 and 27 July.

This thesis also reports on the phase scintillation investigation at the South
African Antarctic polar research station during solar minimum conditions. The
multi-instrument approach that was used shows that the scintillation events were
associated with auroral electron precipitation and that substorms play an essential
role in the production of scintillation in the high latitudes. Furthermore, the
investigation reveals that external energy injection into the ionosphere is necessary
for the development of high-latitude irregularities which produce scintillation.

Finally, this thesis highlights inadequate data resources as one of the major
shortcomings to be addressed in order to fully understand and distinguish be-
tween the various ionospheric storm drivers over the Southern Africa mid-latitude
region. The results presented in this thesis on the ionospheric response during
geomagnetic storms provide essential information to direct further investigation

aimed at developing this emerging field of study in South Africa.
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The world today has become increasingly dependent on the use of radio waves for
many purposes, such as satellite communication and navigation. The ionosphere
plays an important role in the propagation of radio waves, since its refractive prop-

erty affects tran-ionospheric radio signals.
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Chapter 1
Introduction

This thesis is concerned with the response of the middle- and high-latitude iono-
sphere during ionospheric disturbances that result from geomagnetic storm events.
Specifically, this thesis presents the first investigation of travelling ionospheric dis-
turbances and long-duration ionospheric storm response over mid-latitude South
Africa, and also presents an investigation of ionospheric scintillation at the south-
ern high-latitude region (Antarctic) during the extended solar cycle 23 minimum

period.

1.1 Space weather and ionospheric research

The Sun is a medium-sized star and the Earth’s primary source of energy. With-
out this energy, life on Earth would not be sustainable. However, the Earth’s
space environment is also tremendously influenced by the Sun, which discharges
vast amounts of energy in the form of electromagnetic and particle radiation that
can adversely impact the integrity and performance of man-made technological
systems (see Lanzerotti, 2001; Moldwin, 2008). Therefore, our Sun is the primary
source of “space weather”, which is an emerging field of Space Science focused on
developing our understanding of societal and technological impacts of the solar-
terrestrial relationship (Moldwin, 2008).

The term “space weather” typically refers to the conditions on the Sun and in
the solar wind, magnetosphere, ionosphere, and thermosphere that can impact the

performance and integrity of space-borne and ground-based technological systems,
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and can endanger human life or health (National Space Weather program strate-
gic plan, 1995. Office of the Federal Coordinator for Meteorological Services and
Supporting Research, FCM-P30-1995, Washington, D.C.).

Ionospheric storms represent an extreme form of space weather, which can have
significant adverse effects on increasingly sophisticated space- and ground-based
technological systems which have become important to governments, corporations,
and the general public (see e.g. Buonsanto, 1999; Boteler, 2001; Goodman, 2005).
These effects include among others: damage to satellites due to high energy parti-
cles (e.g. Fuller-Rowell et al., 1994), damage to electric power transformers caused
by geomagnetically induced currents (e.g. Boteler, 2001; Pirjola, 2005; Gaunt and
Coetzee, 2007), increased atmospheric drag on satellites, degradation of the accu-
racy of Global Navigation Satellite System (GNSS) applications, high frequency
(HF) communication black-outs (e.g. Goodman, 2005; Warnant et al., 2007), and
increased danger of radiation exposure to humans in space and in high-altitude
aircrafts (e.g. Prolss et al., 1991; Prolss, 1997). Severe ionospheric disturbances
are also known to cause disruption of UHF satellite links and are a serious concern
for satellite navigation and communication systems, and HF radio communication
(Doherty et al., 2000; De Paula et al., 2004; Kintner and Ledvina, 2005). These
effects are due to ionospheric electron density irregularities, which occur as a re-
sult of plasma density instabilities, including ionospheric scintillation and plasma
bubbles (Kelley, 1989; Aarons et al., 1995; Kintner et al., 2007). In addition to the
space weather effects mentioned above, the economic losses associated with some

severe geomagnetic storms are extensive (Boteler, 2001; Yizengaw et al., 2005a).

The world today has become increasingly dependent on the use of radio waves for
many purposes such as HF communication, navigation and land surveying. The
ionosphere, which is the ionised region of the Earth’s upper atmosphere, plays an
important role in the propagation of these radio waves. The ionosphere is of practi-
cal importance for satellite based communications and navigation systems because
its variable refractivity affects the propagation of trans-ionospheric radio signals,
effects which increase during geomagnetic storm events. Many international ef-
forts aimed at monitoring and predicting space weather effects are on-going as a

step to reduce the risk of economic losses. Nevertheless, our ability to predict iono-
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spheric storm effects in great detail is limited by our incomplete earth-space system
knowledge (see Buonsanto, 1999; Yizengaw et al., 2005a; Burns et al., 2007). This
is one of the motivations for carrying out the research presented in this thesis,
which is aimed at furthering our understanding of the ionospheric response during

geomagnetic disturbances, particularly at mid- and high-latitude locations.

1.2 Motivation for this study

The characteristics of the mid-latitude ionosphere are generally regular, however,
during large geomagnetic disturbances this predictable variability can be dramati-
cally overturned as the forces which drive the high-latitude region expand equator-
ward (see reviews by Buonsanto, 1999; Mendillo, 2006). Currently there are still
some major challenges facing the ionospheric community: understanding the de-
velopment of geomagnetic storms and the impact that storms have on ionospheric
behaviour, development and evolution of ionospheric irregularities, development
of methods for ionospheric predictions, and other challenges (e.g. Goodman, 2005;
Yizengaw et al., 2005a).

Initially, the major goal of this research was to investigate ionospheric irregulari-
ties over the Southern Africa mid-latitude region, since very little is known about
irregularities in this region. Irregularities have generally been assumed to occur
less often in mid-latitude regions (Ledvina and Kintner, 2004; Kintner et al., 2007,
and references therein). Studies have shown that the mid-latitude is more com-
plicated than initially thought, and that many different scales of structuring are
possible, especially during geomagnetic storms (Fuller-Rowell et al., 1994; Buon-
santo, 1999; Ledvina et al., 2002; Mendillo, 2006). However, due to unforeseen
problems encountered during the preliminary investigation, the intended primary
data recorded on two (out of three) of the instruments could not be used, as will
be discussed later. This prompted a modification of the original research focus
to include the ionospheric response over the Southern Africa mid-latitude region
during geomagnetic storm events. Nevertheless, successful ionospheric scintillation
studies were performed for a high-latitude Antarctic station and these results are

presented in Chapter 7 of this thesis.
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Even more than 80 years after discovery, ionospheric storms are still a fascinating
and challenging topic of upper atmospheric physics since many aspects of this
striking phenomenon are still not well understood (Prolss, 1995; Burns et al.,
2007; Pedatella et al., 2009). This is especially true for long-duration positive
ionospheric storms, which are tabled as one of the major unresolved problems of
ionospheric storms in reviews by Prolss (1997) and Buonsanto (1999), and even
more recently by Burns et al. (2007). Furthermore, this thesis presents ionospheric
scintillation measurements observed at the South African Antarctic polar research
station during solar minimum conditions. In addition, this work also highlights
some of the major challenges that need to be addressed in order to fully understand
the ionospheric storm drivers over this region. Therefore, the results presented in
this thesis on the ionospheric response during geomagnetic storms and ionospheric
scintillation at high latitudes will provide essential information needed to direct
further investigations aimed at developing these emerging fields of study in South
Africa.

1.3 Structure of the thesis

Chapter 2 reviews some of the theories relating to the physical processes that
control the ionosphere. A significant amount of this material is focused on those

processes that are fundamental for the research presented in this thesis.

The focus of Chapter 3 is on the instrumentation and sources from which data used
in this thesis were derived. This chapter deals with a variety of measurements and

modelling techniques employed in the data analysis.

A discussion of some of the phenomena associated with the disturbed solar-terrestrial
environment is presented in Chapter 4. This chapter also discusses ionospheric ir-

regularity phenomena in general.

In Chapters 5 and 6 the details of the investigations on ionospheric response during
geomagnetic storms are presented, and the possible primary driving mechanisms
are discussed. These chapters (5 and 6) deal with two kinds of ionospheric re-

sponses, i.e., short-duration and long-duration positive ionospheric storm effects,
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respectively.

The investigation on ionospheric scintillation observed over a high-latitude Antarc-
tic station during solar minimum is presented in Chapter 7. Some of the challenges

encountered during the initial investigation are also discussed.

Chapter 8 concludes this thesis with a summary of the major findings and conclu-

sions drawn from the investigations.



Chapter 2

The ionosphere

2.1 Introduction

This chapter considers some of the theories that explain the physical processes
that control the ionosphere. The emphasis here is on the basic processes that are
fundamental to understanding the work presented in this thesis. A major reference
for the work presented in the first two sections is the book published by Rishbeth
and Garriott (1969).

2.1.1 A brief history of the ionosphere

The ionosphere is the ionised gas region extending from about 60-1000 km above
the Earth’s neutral atmosphere. The ionosphere plays an important role in the
propagation of electromagnetic signals such as radio waves (Rishbeth and Gar-
riott, 1969; White, 1970; Kelley, 1989). The discovery of the ionosphere in 1901
followed Marconi’s successful transmission of wireless radio signal across the At-
lantic between Poldhu in Cornwall, UK and St John’s in Newfoundland, Canada.
Marconi’s accomplishing experiment meant that radio waves were deflected around
the Earth’s surface, to a much larger extent than could be explained by the diffrac-
tion theory (Rishbeth and Garriott, 1969). The first suggestion of a conducting
layer in the upper atmosphere to explain small daily variations in the Earth’s
magnetic field dates back to the nineteenth century. In 1902, A. E. Kennelly and
O. Heaviside independently suggested that a layer of free electrons in the upper

atmosphere could reflect radio waves to great distances. Their names (Kennelly-
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Heaviside) have been associated with the ionised layer since then (Rishbeth and
Garriott, 1969; White, 1970, and references therein).

In 1903 J. E. Taylor first pointed out solar ultra-violet radiation as the primary
source of the ions and electrons. This was later confirmed by J. A. Fleming in
1906. The first pioneering evidence of the existence of a conducting layer followed
the experimental work by Appleton and Barnett published in 1925, that not only
demonstrated the downward passage of reflected waves, but also gave an estimate
of the angle of arrival of the waves (Rishbeth and Garriott, 1969; White, 1970, and
references therein). The work by Appleton and Barnet was subsequently confirmed
by Breit and Tuve in 1926, using a different method, which involved amplitude
modulation of the carrier frequency (Rishbeth and Garriott, 1969). Since then,
ionospheric radio sounding techniques have widely been employed as a primary

tool for taking measurements for the purpose of studying the ionosphere.

2.2 Photochemical processes in the ionosphere

It is widely accepted that the absorption of solar extreme ultra-violet (EUV) and
X-ray radiation are the primary production mechanisms for the creation of ions and
electrons at the low and mid-latitudes (e.g. Rishbeth and Garriott, 1969; White,
1970; Kelley, 1989; Davies, 1990; Maruyama, 2001). By contrast, at high lati-
tudes and during magnetic storms, collisions between energetic charged particles
precipitated into the atmosphere and the neutral molecules are responsible for the
production of ions and electrons. On the other hand, the different loss mechanisms
in the ionosphere can be grouped as ion and electron (radiative) recombination;
molecular ion and electron (dissociative) recombination; and the attachment of
electrons to neutral molecules in the lower ionosphere (e.g. Rishbeth and Garriott,
1969).

The physical processes which control the ionosphere can effectively be classed
down into two general categories: those that give rise to production or loss of
ionisation, and those that lead to the movement of ionisation (e.g. Rishbeth and
Garriott, 1969; Maruyama, 2001). The terms “photochemical” and “transport”

have often been used as convenient labels to describe the two categories, but
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are not necessarily the ideal terms. The various processes which can potentially
change the electron density concentration (N,) can be summarised in terms of the

continuity equation as
[Change in density] = [Gain by production] — [loss] — [change due to transport]

The continuity equation expresses the net effect of either the positive or negative
ions, or, any constituent elements whose concentration is subject to change. If
the transport processes result in a net drift velocity V, then the changes due to
transport can be defined in terms of the divergence of the flux N.V. The term
N,V represents the flux of electrons (or ions) resulting from transport, and its
divergence reflects the rate of loss per unit volume and unit time. Therefore, the
continuity equation for the electron density expressed as a function of time ¢ using

symbols is:

ON,
ot

where ¢ and [ represent the production and loss rates, respectively, the values of

= q—I(N.) — div(N. V), (2.1)

which are primarily determined by the solar ionising radiation and the ion recom-
bination reactions. Equation (2.1) effectively describes the increase and decrease
of electrons entering and exiting the boundary surrounding a unit volume space,
and the quantity of electrons produced and lost within that space (Maruyama,
2001).

Since transport processes are not very important in the ionosphere below 200 km,
they can be neglected entirely (Rishbeth and Garriott, 1969). Thus, a photochem-
ical equation containing only the derivative term dN,/Jt remains. Furthermore,
the “time constant” associated with the loss term [(N,.) can be so short that
0 N /Ot becomes much smaller than the other terms, so that the photochemical
equilibrium equation ¢ = I(N,) is sufficient (Rishbeth and Garriott, 1969). By con-
trast, above about 250 km, the continuity equation (2.1) is no longer dominated
by the “photochemical” terms ¢ and [. This leads to a “transport regime” at
these heights. Therefore, the transport term compensates for the large imbalance
between production and loss, and becomes more important (Rishbeth, 1986). It
should be noted that although quite rapid horizontal motions may exist, generally

they do not contribute significantly to the term N.V, given that the horizontal
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gradients of N, and V are normally much smaller in comparison to the vertical
gradients. Horizontal variations usually occur at distance scales of hundreds or
thousands of kilometres, while vertical scales are only tens of kilometres (Rishbeth
and Garriott, 1969). However, exceptions to this norm may develop either when
horizontal gradients are specifically large (such as close to sunrise) or when there
are special conditions to restrain the significance of vertical motions (for example

in the equatorial ionosphere).

2.2.1 Photoionisation theory

The photoionisation theory takes into account the attenuation of solar radiation
as it propagates through the atmosphere. Here, the production of ionisation in a
horizontally stratified region by a monochromatic beam of solar ionising radiation
is considered such that the photon flux is I(h). A general formula for the ionisation

rate, ¢, as a function of height h and the solar zenith angle xy can thus be derived.

If o is the cross section for the absorption in a gas, and 7 is the ionising efficiency
(i.e. the number of photoelectrons produced per photon absorbed), then the prob-
ability per unit time that a photon is absorbed by a given molecule is o, and the
probability per unit time for the production of an ion pair is therefore nlo. Hence,

the essential equation for the rate of production per unit volume can be given as

q = Inon (2.2)

where n is the gas concentration.
The decrease of radiation along the path relies on the absorption coefficient per
unit length, on. If ds is an element along the radiation path, an increment of

optical depth 7 can be defined by the equation

—dI/I =dr =onds (2.3)

with the intensity varying as

[=1I.e" (2.4)

where I, is the unattenuated flux at the top of the atmosphere. According to
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equations (2.2) and (2.3), ¢ = —ndI /ds, which implies that the rate of production

is proportional to the rate of attenuation of the radiation.

The altitude variation along the path of the radiation can be described using
geometry as ds = —dh sec x. Then equation (2.3) can be expressed in terms of ds

as

—d(In1)/dh = dr/dh = —on sec x (2.5)

for a horizontally stratified atmosphere. Since sec x does not vary along the path
for a plane Earth, then the intergrated content of a column of gas, of unit cross
section, above any height h is n(h)H(h). Therefore, integrating equation (2.5)
yields

T(h,x) = /hoo on sec x dh = on(h)H (h) secx (2.6)

here n(h)H (h) is the integrated content of a column of gas per unit cross section
above any height h, where H is the scale height. Combining equations (2.2), (2.4)

and (2.6) leads to the expression

q(h,x) = Lonon(h)e ™" (2.7)

By integrating equation (2.7) with respect to 7 from the top of the atmosphere
(7 = 0) to the bottom (7 — o0), the integrated production rate per unit column,

@, can easily be obtained. So using equation (2.5), we have

00 0 dh T 00
Q= / qdh = / q—dr = oljoT / e Tdr = Ion cosy (2.8)
0 0

o dTr onsecy

The peak production rate ¢ can be located by simply taking the logarithms in
equation (2.7) and setting d(Ing)/dh = 0. Given that [no is a constant, it
follows from equation (2.5) that the peak occurs where

%Z—Z = % = —on secy (2.9)
This indicates that ¢ is highest at the point where the downward increase of the
gas concentration n just offsets the increasing attenuation of the radiation, as mea-

sured by 7.

10
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The production function in equation (2.7) can be written in terms of the “reduced
height” z = [(dh/H) = (h — ho)/H, where the reference height hg, from which z
is measured, is the level of unit optical depth (7 = 1 = ongHy) when the Sun is
overhead. At this level, vertically incident radiation will be attenuated to a fraction
e~! of the initial intensity. Furthermore, this level relies on the absorption cross
section o;(A) for the different atmospheric gasses, and at any given wavelength is

determined by the condition

> oA niH; =1 (2.10)

Therefore we have

N
eH(z)

q(z,x) = exp[l —z — e 7 sec y] (2.11)

where 7 = e7* secx = (p/p,) secx, e * = p/po = nH/noHy and p = nkT (p is the

pressure according to the perfect gas law), assuming that H o T.

2.2.2 The Chapman production function

In order to get the classical Chapman formula for the production function, it has
to be assumed that the scale height H is independent of height (Rishbeth and
Garriott, 1969). In this case the level of unit optical depth coincides with the
production peak, so that z takes the form

Zm = In secy (2.12)

with subscript ‘m’ indicating quantities evaluated at the “peak” or “maximum”.

Thus the peak production rate is

Gm = Qo COS X (2.13)

where the peak rate (qo) for an overhead Sun is expressed as

g =nls/eH (2.14)

Note that changing the intensity of the solar flux alters the peak value ¢, but

11



2.2 CHAPTER 2. THE IONOSPHERE

essentially does not affect the height of peak production (e.g. Davies, 1990). Then

the production function can be defined by

q(z,x) = qo exp [l — z — e™% sec x| (2.15)

q(2,X) = gm exp [1 — (2 — 2p) — €7 77] (2.16)

The two sets of equations (2.15) and (2.16) show that the production function
keeps the same shape as x changes, but its amplitude is scaled by a factor cos x

and its peak is shifted to z = z,,, as illustrated in Figure 2.1.

However, if H is now taken to be height dependent with a constant gradient T,

but still consider g (acceleration due to gravity) to be constant, this leads to

H(h) = Hy +T(h — hy) (2.17)

H/Hy=T/Ty = €'* (2.18)

The gas concentration then varies according to the equation

n/ng = e >4+ (2.19)

Considering the formulae for the production function ¢(z), given in equations
(2.15) and (2.16), the “photochemical equilibrium” electron density distribution,
which is the solution of the continuity equation with the transport term neglected
and On/0t = 0, can then be formulated. Assuming the electrons to be lost at a
rate an?, where « is the mean dissociative recombination coefficient (Rishbeth and
Garriott, 1969; Davies, 1990), then the electron density distribution conforming to

the production formula in equation (2.15) is

N(2) = (qo/a)"* exp %(1 —z—e “secy) (2.20)

This distribution is referred to as the “alpha-Chapman” or simply “Chapman”

layer.

12
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Figure 2.1: (a) The normalised Chapman production function plotted against
the reduced height z, at a given solar zenith angle y. (b) Normalised Chapman
production function plotted against solar zenith angle y, for different values of
reduced height z. Both plots are according to equation (2.15). The dashed line is
the envelope defined by ¢;/qo = cos x.

It should be noted that in the ideal atmosphere the production function ¢(h, x) is
more complex than has been assumed here because the fundamental assumptions
(monochromatic radiation and a single ionisable gas) do not hold (Rishbeth and
Garriott, 1969). Therefore, one has to consider the variation of 7; and o; with

ultra-violet wavelength \;.
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2.3 Stratification in the ionosphere

In order to understand the formation of the ionosphere, one must first understand
how the plasma production and loss processes vary with altitude within the iono-
sphere (Maruyama, 2001). Photons of differing energies are able to penetrate and
interact with atoms and molecules in the Earth’s atmosphere. The penetration can
be specified in terms of the level of unit optical depth, hg, at which vertically inci-
dent radiation is attenuated to a fraction e~! of its intensity above the atmosphere,
as highlighted earlier. Densities of atmospheric constituents (e.g. molecular ni-
trogen and hydrogen) also vary with height, and therefore the ionosphere forms
a number of different regions at various altitudes above the surface of the Earth
(Rishbeth and Garriott, 1969; Davies, 1990), as depicted in Figure 2.2. Each re-

gion is characterised by a local maximum in the number density of ions.
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Figure 2.2: A typical ionospheric electron density versus height profile as derived
from ionosonde data. The various ionospheric regions are labelled on the figure.
The bottom side profile is obtained from measured ionogram data and the topside
profile is obtained by fitting a Chapman model to the peak electron density value.
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2.3.1 D-region

The D-region is the lowest layer in the ionosphere that extends from approximately
60 to 90 km. The major source of ionisation in the D-region is solar UV photons
ionising nitric oxide (NO) molecules. Solar X-rays are considered to be the princi-
pal ionising source for air molecules (N, and O,), particularly during solar maxi-
mum conditions when X-ray flux is dominant (Moldwin, 2008). In addition, cosmic
rays also play an important part in the ionisation of particles at D-region altitudes,
especially at sunspot minimum when the flux of galactic cosmic rays reaching the
Earth’s upper atmosphere is higher. This is related to the reduced shielding effect
of the Earth’s magnetic field. The main loss mechanism for electrons is dissociative
recombination of the electrons on the positive ions. Because the neutral density
is relatively high in the D-region, the rate of recombination is also significantly
high due to the high collision rate between the electrons, the neutral atoms and
molecules (Rishbeth and Garriott, 1969; White, 1970; Moldwin, 2008). For this
reason the D-layer is only present during the daytime (though cosmic rays produce
a residual level of ionisation at night), and the level of ionisation in the D-region is
the lowest of the different ionospheric regions. The D-layer plays a major role with
regards to HF radio communication because it absorbs radio waves, which results
in degradation of long-distance HF communication. During sudden ionospheric
disturbances, auroral absorption and intense polar cap precipitation of solar ener-
getic particles, D-region ionisation can become so severe (may increase by 2 orders
of magnitude) that it causes “blackouts” for HF communication (Stauning, 1996;
Goodman, 2005; Moldwin, 2008).

2.3.2 E-region

Immediately above the D-region is the E-region, which extends from about 90 to
150 km. Both low energy (or soft) X-rays and solar UV radiation are the major
sources of ionisation. The primary ionised ions are OF, N3, and OT, however, as
the photochemical equilibrium between production and loss is attained, NO* and
O3 become the dominant ions (Maruyama, 2001). The maximum (peak) density
in the E-layer is more than a 100 times higher than the peak density in the D-layer,
as recombination is lower at these high altitudes (Moldwin, 2008). However, simi-

larly to the D-layer, the E-layer also fades away during the night, which effectively
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raises it’s height, as the faster recombination times decay the E-region away much
faster at low altitudes than at higher altitudes. It would suffice here to emphasise
that in the D- and E-regions, transport of ionisation is insignificant and may be
neglected all together, thereby leaving only the photochemical terms in the con-
tinuity equation as earlier mentioned in Section 2.1. Apart from solar photons,
ionisation in the E-region also occurs due to energetic particles precipitating into
the atmosphere. Particle precipitation effects are particularly important and most
common at the high latitudes (see Stauning, 1996; Ngwira et al., 2010, and refer-
ences therein). Furthermore, ionisation in the E-region is substantially increased
through particle precipitation, particularly at night when photon production is
absent. Impact ionisation gives rise to the visible aurora, which appear as ovals in

the southern and northern hemisphere high-latitudes.

Other short-lived sources of ionisation at E-region heights exist, which include
complex dynamics resulting from the effects of the neutral atmosphere motion,
auroral electric fields, and meteors entering the upper atmosphere that burn up
and impact the surrounding neutral gas with sufficient energy to produce an ionised
trail (Moldwin, 2008). Such sources produce narrow, short-lived regions of dense
layers or patches of ionisation at E-region altitudes, collectively referred to as
sporadic E (Rishbeth and Garriott, 1969; Moldwin, 2008). Sporadic E is latitude
dependent, has a random time of occurrence and can last from a few minutes to
several hours. Because ionisation can be very dense locally, HF radio waves may

be reflected off these trails for long-distance communications.

2.3.3 F-region

The F-region is the densest region of the ionosphere that lies in the height range
above 150 km. Production in the F-region is by solar EUV radiation, which ionises
atomic oxygen (O). F-region ionisation is low at night, but not as low as in the D-
and E-regions, therefore, the F-layer is always present. Recombination rates are
lower at this higher altitude, and furthermore the region is composed of O rather
than the molecular ions that are more prevalent in the D- and E-regions (Rishbeth
and Garriott, 1969; Moldwin, 2008). Atomic ions have much lower recombination

rates in general than molecular ions.
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The peak electron density of the ionosphere occurs within the F-region near 300
km. Above the peak is a region commonly referred to as the topside ionosphere,
where the density gradually decreases and merges into the plasmasphere. The
topside ionosphere and the plasmasphere transition occurs around 1000 km. This
region is marked by the transition from O as the dominant ion in the ionosphere

to hydrogen as the most dominant ion in the plasmasphere (Moldwin, 2008).

2.4 Electron distribution in the F2-layer

The density distribution of ionisation in the F2-layer of the ionosphere is controlled
by various processes, which include production, loss, vertical plasma motion and
ambipolar (plasma) diffusion. If we assume equilibrium conditions (Rishbeth and
Barron, 1960), which is justified on the basis that the F-region is in a state of
quasi-equilibrium during most of the day in the temperate latitudes, the rate of
change of electron concentration in the continuity equation is much smaller than

other terms, therefore it may be neglected as an approximation.

Thus, the continuity equation for electron density N, in the F2-layer takes the well

known form

¢—pBN.—M =0 (2.21)

where ¢ is the production rate, 3 is the linear loss coefficient, and M is the transport

factor for ionisation. Considering only the vertical motion, M can be expressed as

d
M = T N.(W + Wp) (2.22)
where W is the upward component of the drift velocity due to electromagnetic
motion, and is considered independent of height; Wp is the vertical component
due to plasma diffusion (Rishbeth and Barron, 1960). It should be noted that by
assuming equilibrium conditions, motions caused by thermal expansion and con-

traction of the atmosphere are neglected.

It is widely accepted that atomic oxygen is the ionisable constituent at F-region

heights (Rishbeth and Barron, 1960; Rishbeth and Garriott, 1969; White, 1970;
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Rishbeth, 1986; Maruyama, 2001). Furthermore, molecular nitrogen absorbs part
of the ionising radiation, but the N3 ions created decay rapidly through dissociative
recombination and do not account for the observed ionisation. Thus, the loss rate
in the F2-layer is proportional to the electron density N, and the loss coefficient

B depends on the concentration n(M) of molecular gasses, therefore,

3 = Kn(M) (2.23)

Taking the rate coefficient K to be independent of temperature and considering
the scale height gradient to be constant, this equation leads to an essentially useful
formula. If the molecular gasses and the ionisable constituent scale height are in
the ratio 1:k (Rishbeth and Barron, 1960), we have

B = boexp[—z(k +7)] (2.24)

For a fully mixed ionosphere (i.e. atomic oxygen and molecular gasses) k = 1 in
equation (2.24). If diffusive equilibrium is present k& = 1.75 for Ny or 2 for O,. The
two-stage process yields a non-linear loss function in the lower F-region which is

expressed as
Kn(M)aN?
- En(nan:
Kn(M) + aN,
(Rishbeth and Barron, 1960, and references therein). A transition from the SN,

loss law in the F2-layer to the N2 law applicable in the Fl-layer exists, and occurs
at the level where Kn(M) ~ aNN.,.

(2.25)

2.4.1 Plasma diffusion

For a horizontally stratified atmosphere, plasma diffusion formulations are based
on the equation for the relative velocity of the diffusion of a binary gas mixture
(Rishbeth and Barron, 1960), and can be written as

2 _—
Cl — Cp = — n D12 |:8(Tl1/n) + n1n2(m2 ml) @

NN oh npp oh
P1p2 kr OT

— —(F, — F —_ — 2.26
pp( 1 5) + T 8h} (2.26)
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where p, p,n and m denote pressure, density, concentration (or number density),
and molecular mass, respectively. The suffixes represent single constituent gas,
and those without suffixes stand for the gas as a whole. T is the temperature and

F' the force per unit mass owing to external factors.

The coefficient D;5 is the ambipolar diffusion coefficient D(h), and the plasma
is treated as one of the constituents for the case at hand (Rishbeth and Barron,
1960). Diffusion rate is high in the F-region but much less in the lower ionosphere
where particle collisions are more prevalent (Rishbeth and Garriott, 1969). Since
the number density N, of the plasma is much smaller than that of the neutral
atmosphere (n), the thermal diffusion term (last term) can be neglected. Therefore,
the left-hand side of equation (2.26) is the plasma diffusion velocity, Wp, which
leads to

1 dN., 1dT" pn

+ = (2.27)

Wy =D | = 1l
p=PW\T Tt E

In equation (2.27), p represents the ratio of the mean molecular weight of the
plasma and the ionised gas, which takes the value yu = % for two chemically similar
constituents (Rishbeth and Barron, 1960). The diffusion coefficient D is roughly
estimated by

b\/T

=Y sin? Iy 2.28
" sin® Iy ( )

where I, is the magnetic dip angle. Note that in the F-region the plasma can
only diffuse along magnetic field lines in the direction where the component of
gravity takes the form ¢ sin I 4,, as explained by Rishbeth and Garriott (1969).
Further, these authors explain that at mid- and high-latitude regions, sin I 4, can
be considered as a constant along any particular field line throughout the vertical
extent of the F-region. However, at low-latitudes I, varies significantly along
field lines, a case which leads to complex expressions for the differential operator

in which the coefficients become functions of magnetic latitude.
Combining equations (2.22), (2.27) and (2.28) the contribution Mp of the diffusion

to the term M in the continuity equation (2.21) can be determined. To simplify

these equations, the scale height gradient and the composition must be indepen-
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dent of height, with the result that v and g do not vary (Rishbeth and Barron,
1960). Therefore, H/Hy = T/Ty = exp(vz) and n/ng = exp[—z(1 + )], thus the
diffusion rate, d = D/H? (per unit time) is

d(z) = do exp [2(1 - %7)} (2.29)

Hence, the contribution of diffusion to the transport term in equation (2.21) is

(2.30)

Mp = d(z) [dQNe dN, }

e Ne
T2 T+ Y)——+ oy
where ¢ =y +pand p =1+ %’y. Considering the simplest case of an isothermal
atmosphere with v = 0 and p1 = % (Rishbeth and Barron, 1960), the diffusion term
can then be defined by

(2.31)

2N, N. N,
MD:doexp(z){d e, 3dNe _e}

dz2 2 dz 2
Then it is determined empirically that the characteristics of the peak can be ob-

tained by the relationship

Gm 22 BnNem (2.32)

B =~ dim (2.33)

Thus, the F2-layer peak occurs at a height where both diffusion and loss are
significantly important (i.e. where 3,, ~ D,,/H?), and the electron concentration
at this level is given by N ., ~ @/ Bm, which is similar to the expression obtained
in the absence of diffusion (Rishbeth and Garriott, 1969). Therefore, a height
independent gradient of scale height of the magnitude similar to that which exists
in the F2-region, does not have a significant effect upon the form of the electron

density distribution.

2.4.2 Vertical drift velocity effects

Rishbeth and Barron (1960) have shown qualitatively that an upward drift motion
tends to push ionisation from the lower altitudes towards higher altitude levels

where the loss rate is less, and thereby the average lifetime of the ion pairs is
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sustained and the peak electron density increased. Furthermore, they have also
shown that an upward drift motion has a greater effect on the ionisation than a
downward drift of the same magnitude. The changes which develop at the peak

as a result of drift W can be summarised by the equations

|14
A(log N, ~— 2.34
(Og e,m> Hdm ( 3 )
|44
Az ~ —— 2.
Zm T (2.35)

so that d,, is the diffusion rate at the peak height z,,, when W = 0.

It has been reported by Rishbeth and Barron (1960) that rocket experiments sug-
gested that O is the most abundant positive ion above about 240 km. Then for
a “mixed” atmosphere (i.e. O and Ny completely mixed at all heights, so that
H(O) = H(Ny) and k = 1), the parameter p in the diffusion velocity equation
(2.27) relies on the relative abundances of Ny and O. Whereas, in the “separated”
atmosphere (i.e. O and Ny are diffusely separated at heights above 150 km, so
that H(O) = 1.75(Ny), k = 1.75), p increases with height and attains a limiting
value of 0.5 at a level where the ratio of Ny is small. At altitudes below 240 km, p
depends on the ion and the neutral atmosphere compositions. The term involving

1 is not significant below the F2-peak in this region.

2.4.3 The thermosphere and neutral air winds

The ionosphere consists of plasma which is created from neutral gasses as a re-
sult of absorbing solar ionising radiation, and is converted back to neutral gasses
through recombination of ions and electrons. However, even at the height of high-
est plasma density, the concentration is only about 10'? particles/m?, while the
neutral gas density is about 10'® particles/m? at the same height (Maruyama,
2001; Fuller-Rowell et al., 2008). Therefore, the composition and the motion of
the neutral gas particles are primarily responsible for the chemical reactions and
interparticle collisions that have a dominating influence over the structure of the
ionosphere (see Rishbeth, 1986; Fuller-Rowell et al., 1997; Maruyama, 2001, and

references therein).
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At ionospheric altitudes, the cooling effect attained by infrared radiation is small
compared with heating through solar UV and EUV absorption, thus creating a
net rise in the neutral gas temperature in a region commonly referred to as the
thermosphere (Rishbeth and Garriott, 1969; Maruyama, 2001). This height region
is characterised by two important features: it is viewed as the thermosphere when
emphasising the importance of the temperature of the neutral gasses present there,
but referred to as the ionosphere when the density of the ionised gasses at a given

altitude are of major concern (Maruyama, 2001).

The thermosphere can be considered to be a huge heat engine driven by energy from
solar, high-latitude and interplanetary sources, with tidal and wave contributions
from the underlying middle atmosphere (Rishbeth, 1998). The heat contributions
from the various sources cause horizontal gradients of temperature and pressure.
The pressure gradients then drive horizontal winds at F-layer heights, which to-
gether with the associated vertical up-currents and down-currents, form a global
circulation that carries energy away from the heat sources and liberates it else-
where (Jones and Rishbeth, 1971; Fuller-Rowell et al., 1994, 1996; Rishbeth, 1998).

The height of the peak electron density in the ionosphere can be altered by an elec-
tric field or a neutral air wind (see reviews by Buonsanto, 1999; Mendillo, 2006).
Vertical plasma drift can lead to the development of a zonal electric field E in the
ionospheric E-region by day, and from the F-region after sunset. The electric field
is directed to the east (eastward) during the day, producing an upward E x B/B?
vertical drift velocity. The westward electric field produces a downward drift (Kel-
ley, 1989; Rishbeth, 1998). The vertical drift is more pronounced at the equatorial
latitudes, because at mid-latitudes the vertical drift speed is largely damped by
the reaction of the neutral air (“ion-drag effect”) (Rishbeth, 1998).

Thermospheric neutral air winds blowing in the neutral atmosphere of the ther-
mosphere can alter the ionospheric structure through collisions between neutral
particles and ions (Rishbeth, 1986; Fuller-Rowell et al., 1994; Rishbeth, 1998).
According to Rishbeth (1998), a horizontal wind U blowing from the auroral re-
gion to the magnetic equator will drive the ions and electrons up geomagnetic

field lines (with dip angle I4;,) at speed U cosI4;,, with a vertical component
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W = Usin I g, cos I, as illustrated in Figure 2.3. The resulting upward drift
raises the peak and enhances the peak electron density NmF2, which changes ap-

proximately in line with the values of the ratio ¢/f.

g<o

\4

Figure 2.3: Sketches illustrating how a horizontal wind U blowing equatorward
(top) or poleward (bottom) produces a field-aligned ion drift V' = U cos I 4, the
vertical component of which is given by W = V'sin I 4, = U cos I g;, sin I 4;,. The
thin sloping lines depict the direction of the geomagnetic field. Figure adapted
from Rishbeth (1998).

The resultant wind velocity U produced by the horizontal pressure gradients relies
on the Coriolis force due to the Earth’s rotation, on the molecular viscosity of the
air, and on the ion-drag due to collisions between air molecules and the ions (Fuller-
Rowell et al., 1994; Rishbeth, 1998). The “ion-drag effect” is produced because
the ions are constrained by the geomagnetic field and can not move freely with the
wind (Rishbeth, 1998). Then the equation of motion for the horizontal wind U at
F2-layer heights is
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dU/dt =F — 20 x U — KN.(U = V) (2.36)

where K is the collision parameter, K N, is the neutral-ion collision frequency and
Q is the Earth’s angular velocity (Jones and Rishbeth, 1971; Rishbeth, 1998). The
driving force F produced by the horizontal gradients of air pressure p (with density
p), is given by the equation:

F= _(1/p)vhorizp (237)

In the F-region, molecular viscosity plays a significant role as it smooths out the
vertical variation of the wind velocity, so that dU/dh — 0 at higher altitudes
(Rishbeth, 1998). However, small-scale velocity gradients are not smoothed out

lower down in the thermosphere.

The direction of the wind depends on the ratio of the Coriolis force to ion-drag, and
can be visualised by considering special steady-state cases in equation (2.36) so that
dU/dt = 0 (Rishbeth, 1998). For a case were the Coriolis force is more dominant
than the ion-drag, such as in the lower ionosphere, the wind blows perpendicular
to the pressure gradients. However, a different case occurs in the daytime F-region,
where ion-drag is large and the wind is almost parallel to the pressure gradient
force. Nevertheless, both Coriolis force and ion-drag are important in general
(Rishbeth, 1998). Since the direction of the driving force continually changes with
local time, the wind direction also changes, but lags behind its steady-state direc-
tion due to inertia (Rishbeth, 1974).

The ion velocity V in equation (2.36) is strongly influenced by electrostatic fields.
The air is accelerated horizontally through collisions with the drifting ions, and
for a large value of V| the ion-drag term in (equation 2.36) acts as a driving force
for neutral air winds. This is more prevalent in the high-latitude regions, where
strong electric fields of magnetospheric origin exist, which are in turn driven by
the solar wind. The winds have a dominant day-to-night pattern in the high-
latitudes, driven partly by the large-scale magnetospheric fields and partly by
solar heating, which leads to the day-to-night pressure variations (Rishbeth, 1998).

Further discussion on the neutral wind effects is given in Section 4 in relation to
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ionospheric disturbances.

2.5 Summary

This chapter presented some of the fundamental processes that are necessary for
our understanding of the ionosphere and how its electron density concentration
can be affected. The ionosphere plays an essential part in the propagation of radio
waves because its variable refractivity affects the propagation of trans-ionospheric
radio signals. The various physical processes that control the plasma variations in
the ionosphere can be grouped into two general categories, i.e., those responsible for
production or loss of ionisation, and those that lead to the movement of ionisation.
These processes, which can potentially change the electron density concentration,

can be written in terms of the continuity equation and are summarised in Table 2.1.

The F2-layer is normally in a “quasi-equilibrium” state given that the term 0N, /0t
is much smaller than other terms in the continuity equation. The behaviour of
the F2-layer peak can be summarised by the following governing rules (Rishbeth,
1998):

e At heights below and up to the F2 peak, the production and loss terms
are approximately in balance during the day: ¢ is dependent on the atomic
oxygen concentration [O], 8 is mainly dependent on the molecular nitrogen
concentration [Ny] with some contribution from molecular oxygen [Os]. Both
q and [ reduce with the upward reduction of the gas concentration, however,
the ratio ¢/, which depends on the atomic/molecular ratio of the neutral

air, increases upwards so that N, also increases.

o At greater altitudes, gravity controls the plasma distribution and stops the
upward increase of N,. The F2 peak is established at the height where
both the transport terms, and the production and loss terms are sufficiently
comparable. This takes place where chemical control gives way to diffusive

(gravitational) control.

e The height of the F2 peak usually occurs at a fixed pressure level in the
atmosphere, thus at a fixed value of the reduced height z.
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e At heights above the peak the plasma distribution is gravitationally con-

trolled, and N, decreases exponentially upwards with the plasma scale height.

e Changes in the height of the peak can be caused by neutral air winds or
electric fields. Zonal electric fields produce vertical plasma drift motion. The
drift velocity vertical component is upwards for eastward E and downwards

for westward E, and is significantly important at equatorial latitudes.

e Thermospheric neutral air winds blowing from high to low latitudes in the
neutral atmosphere can alter the ionospheric structure by moving plasma
to higher altitudes where the recombination rate is low, thereby raising the
peak height and increasing the peak electron density. These changes occur
approximately in accordance with the value of the ratio ¢/ at the shifted

level of the peak.

Besides the various ionisation sources already mentioned in this chapter, the en-
hancement of D-, E- and F-region ionisation observed during geomagnetic distur-
bances are probably due to high energy electrons and protons. The mechanisms by
which this enhancement is attained is part of the general problem of geomagnetic
storm phenomena, which will be discussed in later chapters. This problem forms
part of the core on which this thesis is presented. The various data sources and
analysis tools utilised during the course of this work will be dealt with in the next

chapter.
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Table 2.1: Summary of production and loss processes in the ionosphere as provided by Rishbeth and Garriott (1969).

Process D-region E-region F-region
~60-90 km ~90-150 km ~150-600 km
Production EUV 911-1027 A EUV 170-911 A
Solar photoionisation [Ly o 1216 A] [Ly 31026 A] [Hell 304 A, Hel 584 A]
(primary radiation (ionises NO) O, ionised by A < 1027 A O ionised by A < 911 A
shown [ ]) X-ray 1-10 A X-ray 10-170 A N, ionised by A < 796 A

Corpuscular ionisation
(more important at high

Electrons > 30 keV
Protons > 1 MeV

Electrons 1-30 keV
cause some nighttime

Electron < 1 keV (probably
small; might be

latitudes) Cosmic rays and sporadic E ionisation significant at night)
Loss
lon-ion recombination Important Few negative ions exist Very few negative ions
Electron recombination exist
Three-body recombination Important Gas densities too low Gas densities too low
Radiative recombination Insignificant Not important Not important
Dissociative recombination Important Principal loss mechanism  Principal loss mechanism

lon-atom interchange
(N4+ = atomic ionisation

Not important
because few atomic

Important

Important

concentration) lons exist

Attachment Three-body Can maintain some Radiative attachment
Radiative attachment is negative ions at night provides a very weak
Three-body most important source of negative ions

Collisional detachment, etc.
Collisional detachment
Associative detachment
Detachment by meta-
stable molecules

Important, especially
at night

Fairly important

Insignificant

Photodetachment
by solar visible and
long UV radiation

Main cause of day/night
change of N_/N,

Effective by day

Largely responsible for
absence of negative ions

¢'c

HYHHASONOI HH.L ‘¢ H4LdVHO



Chapter 3
Instrumentation and data sources

The coordinated analysis of geomagnetic disturbances presented in this thesis in-
volves a wide range of observations from various ground- and space-based instru-
mentation. Different measurements recorded at geographically distributed loca-
tions, combined with satellite-based observations, frequently provide the necessary
information needed to advance our understanding of the various processes occur-
ring within the ionosphere. Therefore, in this study variations in the ionosphere
were investigated using a variety of measurements and modelling techniques. The
major instruments, data sources and analysis tools used for this thesis are discussed

in this chapter.

3.1 Radio wave propagation in the ionosphere

The propagation of radio waves from one medium to another can essentially be
treated like other electromagnetic waves, such as light (White, 1970). When a
radio wave enters a medium with different refractive properties, it is refracted so
that it changes the direction of propagation and the wave form bends. Similarly,
in the ionosphere a radio wave will gradually bend under the influence of refraction
until it reverses its direction and returns to the ground. Figure 3.1 illustrates the
propagation of radio waves through the ionosphere. A radio wave transmitted
at point A on the Earth’s surface travels until it enters the ionosphere at point
B and is refracted by the increasing electron density at higher altitudes. The
incidence angle 7 at point B and the angle of refraction r at C' are also shown in

this figure. The angle of refraction at the peak O is 90°. The beam eventually
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Re

|
Transmitter Earth Receiver

Figure 3.1: An illustration of the propagation of radio waves through the iono-
sphere along the path ABCDE. Figure adapted from White (1970).

exits the ionosphere at point D and returns to the surface at the receiver point E.
At higher frequencies, the refraction may not be sufficient to return the wave to

the Earth, and it passes through the ionosphere.

3.2 Ionosonde measurements

Much of the knowledge of the ionosphere is derived from remote sensing by radio
waves. The traditional instrument for measuring the virtual height of the iono-
sphere is called an ionosonde (Rishbeth and Garriott, 1969; Davies, 1990). An
ionosonde is a type of HF radar with frequency ranges between 3 and 30 MHz,
and is the most commonly available ionospheric sounding equipment in use today.
Ionosondes have been utilised extensively in remote sensing, both for monitoring
long-term temporal and spatial variations of the ionosphere, and for scientific re-
search. There are two types of modulation techniques that can be applied in an

ionosonde (i.e. “pulse” or “chirp”), each with its own advantages and disadvan-
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tages. But in principle the chirp technique differs from that of a pulse-amplitude
technique in that the radio signals are continuous waves in which the frequency
is modulated (Davies, 1990, and references therein). However, details about these
ionospheric sounding techniques are outside the scope of this thesis and interested

readers should consult the relevant literature for details (e.g. Hunsucker, 1990).

So, for a radio wave of frequency f propagating through the ionosphere, the refrac-
tive index can be derived from the Appleton-Hartree equation, a simplified form

of which is given by the expression (White, 1970):

Ar N, e?

mew?

pr=1 (3.1)

where e is the electron charge, m, is the electron mass, and the angular frequency
w=2nf.

Now, if the refractive index outside the ionosphere is pg, and at point C' (Figure 3.1)
is p., then as the wave penetrates deeper into the layers, the electron density

increases and the wave normal changes according to Snell’s law:

o SINi = 1. sinr (3.2)

The virtual (or group) height A’ of ionospheric reflection can be determined when
the flight time ¢ from the transmitter to the receiver via the ionosphere is consid-
ered. A timing device (e.g. the time base of a cathode ray oscilloscope) is triggered
when a pulse of radio waves is transmitted (Davies, 1990), and the position of the
echo pulse on the time base of the cathode ray provides a measure of the flight time
of the pulse, and thus, the virtual height. As the frequency increases, the pulse
penetrates to higher altitudes in the ionosphere and the virtual height continues

to increase until the signal penetrates the ionosphere.

Setting u? = 0 in equation (3.1) and letting wy = 27 f,, it can be shown that

N, e?
fom | T (33)

which is the critical (cutoff) frequency of the ionosphere. Any frequencies below
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the cutoff f. are reflected and eventually return to the ground. However, higher
frequencies (above f.) traverse the ionosphere into outer space. Therefore, the

ionospheric electron density at the maximum height of reflection is

™

me
N.(maz) = = f2=1.24x 10" f? (3.4)
with N.(maz) given in electrons/m?® and f, in megahertz (MHz). The virtual

height is related to the flight time as follows:

ct
h=— .
; (3.5)

where ¢ is the velocity of light.

By applying different frequencies to cover the entire range of electron densities, a
virtual height versus frequency record (an ionogram) is obtained. Short pulse ap-
plication to the time base at selected frequencies provides a frequency calibration,
whilst height calibration is done by applying short pulses from a pulse generator
(Davies, 1990). Figure 3.2 presents some examples of ionograms for a mid-latitude
location (Hermanus, South Africa) during the month of March 2011. The green
and red traces are the X- and O-mode reflections, respectively. The frequencies at
which the two traces become asymptotic to the height axis correspond to the fre-
quencies at which the X- and O-mode rays penetrate the ionosphere. The daytime
ionogram (Figure 3.2a) shows wave traces with reflections from the E, F1, and F2
layers, whereas, in the nighttime ionogram (Figure 3.2b), only the F2-layer echoes
are present. However, in both ionograms, the virtual height gradually increases
with frequency until the signal penetrates the ionosphere at a frequency higher
than the F2-layer critical frequency (foF2). One of the distinguishing features in
the two ionograms is the difference in the foF2 values, which is associated with

ionisation levels in the ionosphere.

3.2.1 TITonogram interpretation

To interpret radio signals propagating through and reflected from the ionosphere,
it is important to understand the radio refractive index of the ionosphere (Davies,
1990). If the refractive index of the ionosphere is independent of the influences

of positive and negative ions on wave propagation (Rishbeth and Garriott, 1969;
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(b)

Figure 3.2: Sample daytime (a) and nighttime (b) ionograms for Hermanus field
station during the month of March 2011.
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Davies, 1990), two frequencies can be defined:

Plasma frequency : (27 fye)? = w;e = N, /meeq (3.6)
Gyrofrequency : 27 f.. =w = Be/m, (3.7)

where ¢ is the electric permittivity of free space and B is the geomagnetic field
flux density. Now, let 8 be the angle between the direction of the wave normal and
the magnetic field, so that Y;, = Y cosf and Yy = Y sinf. The subscripts T" and
L respectively denote the transverse and longitudinal components of the imposed
magnetic field, with reference based on the direction of the wave normal. Then,

the magnetoionic parameters can be expressed as

X =Wy, Y,=eBr/mw, Yr=eBr/mw, Z=v/w (3.8)

Here, v is the collision frequency of the electrons with heavy ions. The ionosphere is
a doubly refracting medium in the presence of the Earth’s magnetic field, with two
characteristic modes of propagation termed the “ordinary” and “extraordinary”
waves (see Davies, 1990; White, 1970). When collisions are negligible (e.g. in the
F-region) so that Z ~ 0 (Rishbeth and Garriott, 1969; Davies, 1990), then the

refractive index can be expressed in terms of the Appleton-Hartee equation:

X(1-X)
(1-X) = gYZ £ [{Y! + (1 - X)2 Y72

p2=1— (3.9)

The plus sign refers to the ordinary wave and the minus sign to the extraordinary
wave. For a horizontally stratified ionosphere, a vertically incident wave is reflected
at a level where p? = 0. This occurs where X = 1 for the ordinary wave, which
is similar to having no magnetic field. As for the extraordinary wave, reflection

occurs at a point where X =1 —-Y if Y <1 (f = f.), and where X =14+ Y if
V> 1(f < fe)

With parallel propagation (i.e. wave normal in direction of geomagnetic field, e.g.
at a geomagnetic pole) so that § = 0, then Y, = Y and Yr = 0 (Davies, 1990).
This reduces the Appleton-Hartee equation (3.9), so that the refractive index is

now expressed as
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(3.10)

Since the two characteristic wave modes are elliptically polarised in the opposite
sense, any plane polarised wave propagating through the ionosphere can be con-
sidered the sum of the ordinary and extraordinary components. The plane of
polarisation continually rotates along the path of the wave, because the two com-

ponents possess different phase velocities (Rishbeth and Garriott, 1969).

The relationships between the critical frequencies (o0 and x) are determined from
the reflection conditions X =14+Y, X =1, p=0and X =1-Y. If f,, is the
frequency at the level of maximum electron density occurring in the F2-layer, and

the plasma density at the peak is same for both wave modes, then we have

f;: on:fom_fccmfce (3.11)
Therefore,
(2= L)
fee = 202 3.12
o (3.12)

This quadratic equation can be solved by considering the condition f,, > f.,
which then reduces it to the form:

~ fce+2f0m ~ fce

- - 4 - fom

Jem = 5 o (3.13)

This formulation is important in ionogram interpretation, in that it helps to distin-
guish the critical frequency of penetration of a particular layer, thus the ordinary

ray from the extraordinary ray, and vice versa.

3.3 The Global Positioning System

The use of GNSS has become an integral part of the world’s infrastructure, and to-
day’s society has become increasingly dependent on this technology. Systems such
as the Global Positioning System or GPS (USA), GLONASS (Russia), Galileo
(Europe), and Compass (China), are either fully operational or are being devel-

oped. These systems were planned as separate GNSS units, but are expected to
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be mutually compatible, thus providing improved, robust performance and capa-
bilities than any of the individual systems. Since all these systems operate on the

same basic principle, the discussion here focuses only on GPS.

The NAVSTAR GPS, the first fully operational (as of 1995) GNSS system, was
conceived (mid-1970s) as a ranging system using known positions of the orbit-
ing satellites in space to locations on land, sea, in the air and space (Hofmann-
Wellenhof et al., 1992; Trimble, 2007). The GPS is an all-weather, space-based
navigation system developed by the US Department of Defense to meet the need
of the military forces to precisely determine their position, velocity, and time in a
common reference system, anywhere on or near the Earth on a continuous basis
(Kintner and Ledvina, 2005; Misra and Enge, 2007). The GPS configuration can be
divided into 3 categories: the space segment, consisting of satellites, their signals
and codes, and the navigation message containing the information necessary for
the receivers to determine the satellite positions; the control segment, dealing with
the management of the whole system; and the user segment which includes all ac-

tivities related to the development of both military and civilian receiver equipment.

The GPS baseline constellation (space segment) comprises a minimum of 24 active
satellites in near circular orbits at an altitude of 20200 km above the surface of
the Earth, and have orbital periods of roughly 12 sidereal hours, with stationary
ground tracks. The satellites are deployed in six orbital planes each inclined at 55°
relative to the equatorial plane, with four primary satellite positions distributed
unevenly in each orbit. There is a designated spare satellite in each orbital plane,
to be used as a replacement in the event of failure or planned maintenance. Each
satellite orbits the Earth twice a day so that at least four satellites are in view at
any one time, from anywhere on or near the Earth’s surface for users with a clear
view of the sky. The GPS orbits place the satellites well above the ionospheric F-
region and at an Earth-centred distance of ~4 Earth radii, which is mostly above
the plasmasphere depending on the location of the plasmapause and the satellite

distance from the magnetic equator (Kintner and Ledvina, 2005).

The control segment consists of 12 ground stations, which have three core functions
(Misra and Enge, 2007; Trimble, 2007). At the centre of this segment is the master

35



3.3 CHAPTER 3. INSTRUMENTATION AND DATA SOURCES

control station (MCM), which operates the system and coordinates command and
control functions. The monitor stations track the navigation signals from all the
individual satellites and continuously feed the data to the MCM for processing.
The MCM is responsible for computing orbit projections for each satellite, and
also for the correction of the satellites’ on-board clocks. This updated orbit and
clock information is then sent to the four ground antenna sites, from which the
data is uploaded to each satellite about three times per day for system accuracy
maintenance. Commands for routine maintenance, software updates, and satellite

orbit adjustment are also transmitted through the ground antenna stations.

Generally, the user segment has two primary user groups, namely military and
civilian. The segment is further characterised by a wide rage of receiver types
depending on the application. They vary from the handheld GPS receiver with
accuracy within about 15 m, slightly more expensive receivers with about 1 m
accuracy, and the advanced receivers used by surveyors and other professionals
which are precise to less than a centimetre. However, GPS receivers have a common
core operation: collection of the data broadcast by the satellites, analysis of the
navigation message to find the satellite position, velocity, and clock parameters,
and then finally, the estimation of the user position, velocity, and time (Misra and
Enge, 2007).

3.3.1 GPS signal

Currently, each GPS satellite continuously broadcasts radio signals using two L-

band carrier frequencies:

L1: fi, = 1575.42 MHz, and L2: fi, = 1227.60 MHz

However, under the GPS modernisation programme, additional navigation sig-
nals, such as the L5 (1176.45 MHz), will be broadcast by Block IIF satellites using
a protected aviation frequency band for safety-of-life applications (Kintner and
Ledvina, 2005; Misra and Enge, 2007).

The ranges, based on the transmission time of a signal from satellite to receiver,

use two pseudo-random noise (PRN) codes that are modulated onto the two base
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carriers: the Coarse/Acquisition-code (C/A-code) and the Precision-code or P-
code (Hofmann-Wellenhof et al., 1992; Misra and Enge, 2007). Each satellite is
identified by a unique code. The C/A-code is available for civil use, but access to
the system capabilities available on the P-code is restricted (encrypted) to the US
military and other authorised users. Civilian use was previously limited by using
selective availability (S/A) to purposefully degrade system accuracy. However,
this feature (S/A) was discontinued in 2000 following a US Presidential Decision
Directive, because of the system’s importance in other critical applications, and
also because of the growing use of differential GPS techniques which essentially

removed S/A-induced errors.

The carriers L1 and L2 are modulated by codes to enable satellite clock read-
ing by the receiver and to broadcast information such as the orbital parameters
(Hofmann-Wellenhof et al., 1992; Misra and Enge, 2007). The broadcast signal is
effectively continually marked by its own transmission time so that the received
signal’s transmission period is recorded with a synchronised receiver. The total
code length is divided into 37 unique one-week segments, with each segment as-
signed to a specific satellite, defining its PRN number. These codes are reset at the
beginning of every GPS week, i.e. at midnight each Saturday. GPS satellites also
broadcast a navigation message which essentially contains information about the
satellite’s health status, the clock bias parameters, ephemeris (satellite position
and velocity), and almanac information (giving reduced-precision ephemeris data

on all satellites in the constellation) (Misra and Enge, 2007).

GPS receivers acquire their signals by generating a replica of the known C/A-
code, and attempting to align it with the satellite transmitted signal by shifting
the replica in time and calculating the correlation. Code tracking is performed as
a feedback control loop, known as the delay lock loop, which continuously adjusts
the replica code to keep it aligned with the code in the incoming signal (Misra and
Enge, 2007). The PRN code is removed from the signal after alignment has been
achieved, leaving the carrier modulated by the navigation message. This signal is

then tracked by another feedback control loop, referred to as the phase lock loop.
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3.3.2 Position estimation using GPS

In principle, position estimation using the GPS radio-navigation system is based
on measurement of distances from known locations, an idea commonly referred to
as trilateration (Misra and Enge, 2007). If the transmission time of a radio signal
is measured, then the distance between the transmitter and observer can be com-
puted, since radio waves travel at a known speed. Therefore, given the distances
from an observer to three transmitting stations at known locations, the observer

can determine his/her position precisely.

Basically in GPS systems, the receiver generates a sinusoidal signal to match the
frequency and phase of the incoming signal, and extracts the navigation message
in the process. Since GPS uses two synchronised clocks (i.e. one on the satellite
and the other on the receiver), the receiver knows precisely the instant when the
PRN code chips are generated in accordance with the satellite clock (Misra and
Enge, 2007). Therefore, the measured ranges are biased by satellite and receiver
clock errors, and are referred to as pseudoranges (Hofmann-Wellenhof et al., 1992;
Misra and Enge, 2007).

Now let ¢, be the satellite clock reading and ¢, the receiver clock reading, so that d;
and J, are the respective clock biases, with respect to the GPS system time. Then,
the propagation time of the signal is equivalent to the time shift At required to
align the receiver-generated code replica and the signal received from the satellite.

This is expressed as

At =t, —t, = [t,(GPS) — 6,] — [ts(GPS) — 6,] = At(GPS) + A (3.14)

where At(GPS) = t.(GPS) — t;(GPS) and Ad = 65 — 6, (Hofmann-Wellenhof
et al., 1992).

Multiplying the time interval At by the speed of light ¢ gives the pseudorange R,

which is defined as

R = cAt = cAt + cAd + Apion, + Apirop + €R (3.15)
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where Ap;o, and Apy,,, are the ionospheric and tropospheric propagation delays
respectively, and ez accounts for other errors, e.g. receiver noise, multipath, orbit
prediction error, etc (Misra and Enge, 2007). These error sources can be classified
as satellite-related errors, propagation medium-related errors, and receiver-related
errors. Known errors can be corrected using parameters in the navigation mes-
sage from the satellite (Hofmann-Wellenhof et al., 1992; Misra and Enge, 2007).
However, details on the implementation of the correction measures are not dis-
cussed here. They have been widely documented (Hofmann-Wellenhof et al., 1992;
Klobuchar, 1996; Misra and Enge, 2007, and references therein).

3.3.3 GPS-derived total electron content

The propagation of electromagnetic waves in a medium depends on the refractive
index n, as mentioned earlier. The ionosphere, being a dispersive medium rela-
tive to the radio wave signals, has a phase and group refractive index which can
approximately be expressed as

C2 Co
F Ngr = 1—--—= (3.16)

respectively. The coefficient ¢, is estimated to be ¢, = —40.3 N, Hz? (Hofmann-

nph:1+

Wellenhof et al., 1992, and references therein). As a result of the dispersion of the
ionosphere, a group delay and a carrier phase advance is introduced (Hofmann-
Wellenhof et al., 1992). Therefore, the measured code pseudoranges are too long
and the measured carrier phase pseudoranges are too short compared to the geo-

metric range between the satellite and the receiver.

The measured range s is expressed in terms of Fermat’s principle (Hofmann-
Wellenhof et al., 1992), according to the equation

5= / ds (3.17)

The geometric range sy along the straight line between the satellite and receiver

can be derived by setting n = 1, so that

So = /dso (3.18)
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where the integral is taken along the signal ray path.

The ionospheric delay (Af°"°) is the difference between the measured and geometric

Alono — / ds — / dsqg (3.19)

Taking the case of the group refractive index, this can be expressed as

range:

Alono / (1= ) ds— / ds, (3.20)

Then, by considering the integration along the geometric path, so that ds becomes

dsg, equation (3.20) reduces to

Alono — _ % dso (3.21)

Replacing ¢y (—40.3 N, Hz?) leads to

o403
Aér = ?/NedSO (322)

The propagation speed of radio waves in the ionosphere depends upon the inte-
grated number of electrons along the line-of-sight path of the radio signal extending
between the satellite in space to the receiver on the ground. The latter is com-
monly defined as the total electron content (TEC). TEC, which is measured in

units of 10'¢ electrons/m?, can be expressed mathematically as

TEC = / N.dsq (3.23)

Now, from equations (3.22) and (3.23) it follows according to Hofmann-Wellenhof
et al. (1992) that:
40.3
ITono __

A = ? TEC (3.24)
So the ionospheric group delay (in metres) is proportional to TEC, and inversely
proportional to the square of the frequency. A linear combination of the measured
pseudorange and phase observables recorded by the receiver on the two L-band

carrier frequencies is used to quantify GPS-derived TEC measurements. A similar
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expression can be derived for the phase delay, but a negative sign is introduced in
accordance with equation (3.16). TEC is usually expressed in TEC Units (TECU),
where I TECU = 1 x 10' electrons/m?.

The slant TEC (sTEC) which is determined along the line-of-sight of the signal
path can be mapped to vertical TEC (vIT'EC) by using a single layer ionospheric
model. The mapping is done by applying a cosec transform considering the geom-
etry in Figure 3.3 (Hofmann-Wellenhof et al., 1992):

TEC R,
Y ~, sinZ = TR sin z (3.25)
oS 2 ¢

where R, is the Earth’s radius (6378.13 km), H is the assumed single layer iono-

sTEC =

spheric shell height of 350 km, and z and 2’ are the zenith angles at the observation

site and sub-ionospheric pierce points (IPPs) respectively.
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Figure 3.3: The geometry for a signal propagating through the ionosphere.
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3.3.4 The ASHA regional TEC algorithm

This study employed GPS-derived TEC measurements obtained by using the Ad-
justed Spherical Harmonic (ASHA) regional algorithm for South Africa (Opperman
et al., 2007). The ASHA algorithm is based on the Schaer (1999) Global Spherical
Harmonic Analysis (GSHA) method which is used by the Centre for Orbit Deter-

mination in Europe.

Both ASHA and GSHA use observed ionospheric delay measurements along the
line-of-sight of the signal path and apply a single-layer mapping function to map
computed sTEC to vTEC at the IPPs. Also, both approaches estimate the TEC

as a spherical harmonic expansion given by the equation (Opperman et al., 2007):

n

TEC(A, ¢) = > > Pumlcos()|{anmsin(mX) + byncos(mA)} (3.26)

m=

where A and ¢ are the IPP Sun-fixed longitude and co-latitude respectively, P,
are the normalised associated Legendre functions, a,,, and by, are the spherical
harmonic coefficients, and n and m are the degree and order of the spherical ex-

pansion, respectively.

Furthermore, the Sun-fixed longitude used in both AHSA and GSHA has the ad-
vantage that it conveniently condenses the IPPs time and longitude parameters
into a single angular observation coverage of 360° over a 24 hour period, and thus
the spatial and temporal changes of the ionosphere with respect to GPS receivers
are taken into account (Opperman et al., 2007). However, the polar angle measured

from the North pole (co-latitude) is dealt with differently in the two algorithms.

The GSHA approach does not require a change to the co-latitude as the n wave-
lengths of the Legendre polynomial are defined over the 180° latitude coverage of
a sphere, which is well covered by the IPP observations derived from the Interna-
tional GNSS Services (IGS) global network of GPS ground receivers with a latitude
coverage of approximately 175°. However, the latitude coverage of the IPPs from
the South African regional GPS network was ~30° in 2007. This mapped the
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regionally confined IPPs onto a relatively narrow latitude band on a sphere when
combined with the Sun-fixed longitude (Opperman et al., 2007). Thus, to fit the
same number of latitude wavelengths into this narrow latitude band would require
a sufficiently higher degree spherical harmonic expansion when using the tradi-

tional GSHA.

By contrast, the ASHA algorithm applies an approach similar to De Santis et al.
(1991), which requires transforming and scaling the narrow co-latitude band of the
IPPs to a hemisphere using the minimum co-latitude of IPPs; ¢y and the latitude
span, 6, of the observations (Opperman et al., 2007):

90°
o =2 16— (3.27)
Therefore, the IPP co-latitude in the equation (3.26) is substituted with the scaled
co-latitude, ¢’, which is defined on a hemisphere [0°, +90°]. The slant ionospheric

delay (including the biases 6., d5) then follows from equation (3.15):

40.3 vTEC
cft cosp

The separated spherical harmonic representation of the vI'EC is then defined as

+ (6, +6,) (3.28)

ATIono -

N
+ Z Pom[cos(¢)] bymcos(mA) (3.29)
Making a substitution into equation (3.28) yields

n

103 (&
ATlono :C_fz (Z ?nm[005(¢)] anmsm(mk)
1 n=0 m=0

+> T%m[cosw)]-bbmcos(m»)+<6r+6s> (3.30)

The ASHA algorithm estimates vIEC, and compensates for the differential clock
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and satellite biases. The clock biases from both satellite transmitters and GPS
receivers, along with the spherical harmonic coefficients, are determined by a

weighted least squares solution.

3.4 Ionospheric scintillation parameters

Fluctuations in the amplitude and phase of radio wave signals are one of the ear-
liest known space weather effects (Yeh and Liu, 1982, and references therein).
The fluctuations are commonly referred to as scintillations, which at sufficiently
intense levels will degrade the GPS signal quality, reduce its information content
or, in some cases, cause failure of the signal reception (Yeh and Liu, 1982; Kint-
ner and Ledvina, 2005; Meggs et al., 2006; Kintner et al., 2007). Understanding
the magnetosphere-ionosphere-thermosphere interaction that controls the devel-
opment of random ionisation density irregularities that cause ionospheric scintilla-
tion is one of the top priorities of international space weather programmes (Wernik
et al., 2003, 2004). This is due to the significant impact of scintillation on the per-
formance of satellite radio communication and navigation (Doherty et al., 2000;
De Paula et al., 2004; Ledvina and Kintner, 2004; Dubey et al., 2005; Kintner
et al., 2007).

The term “scintillation” typically implies rapid, random fluctuations of the ampli-
tude and phase of a radio wave signal propagating through the ionosphere (Yeh
and Liu, 1982; Wernik et al., 2004). Tonospheric scintillation is characterised by
significant spatial and temporal variability. It depends on many factors, that in-
clude: the transmission frequency, local time, the season, solar activity, the satellite
zenith angle and on the angle between the ray path and the Earth’s magnetic field
(Wernik et al., 2004).

3.4.1 Ionospheric scintillation theory

One of the most widely used scintillation theories is based on the phase screen
approach (Rino, 1979a.b; Yeh and Liu, 1982; Wernik et al., 2004, and references
therein). Assume an incident plane wave with a uniform amplitude. For a wave

propagating through an irregularity layer, the ionosphere is modelled as an in-
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finitely thin layer (phase-changing screen) which alters only the phase of the wave
(Yeh and Liu, 1982), as depicted in Figure 3.4. Therefore, a wave emerging from
the irregularity layer (screen) with induced phase perturbations, will manifest am-

plitude and phase scintillations.

Satellite ———p &ri’

l Wave propagating

v
Wavefront » v
v

//m lonosphere
/

S ou=y

T

\_/\_/—\/\ Emerging
4—
wavefront

Figure 3.4: A schematic illustrating how ionospheric irregularities impact the prop-
agation of radio waves.

To elaborate on this further, consider a region of randomly distributed electron
density located at z = 0 to z = L, where z is the height of the upper boundary
of the irregular layer, and L is the layer thickness. An incident plane wave enters
the irregular layer at point z = 0, before it is received on the ground. For this
wave propagating through the irregular layer, to first order, only the phase will
be affected by the random variations in the refractive index (Yeh and Liu, 1982).
As the wave emerges from the irregularity layer and propagates towards the re-
ceiver, further phase mixing occurs, which randomly modulates the phase front
and eventually produces a complex diffraction pattern on the ground that leads to
amplitude scintillation. This interference (diffraction) pattern will depend on the

random deviations of the curvature of the phase front, which in turn is dependent
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on the size and strength of irregularity distributions.

According to Yeh and Liu (1982), geometric calculations show that the most sig-
nificant contribution to amplitude scintillation on the ground is from phase front
deviations caused by irregularities with a scale-size of the order of the first Fresnel
zone dp = \/A(z — L/2), where X is the incident signal’s wavelength. The descrip-
tion above basically explains the amplitude scintillation phenomenon under small
phase deviations and a coherent wave front across each irregularity acting to focus
or defocus the rays. In contrast, in the presence of strong irregularities, the phase
deviations may become so large that the phase front is distorted across irregulari-
ties greater than a certain size. For such a case, the irregularities no longer have
the potential to focus or defocus the rays, and the amplitude fluctuation argument
above is rendered invalid. In this case, the original plane wave will not be dis-
torted, but the observed phase at the receiver will change as the integrated phase

shifts across the medium changes.

Therefore, the scintillation theory attempts to quantitatively investigate the var-
ious aspects of this phenomenon. Basically, the starting point for radio wave
propagation through a random scattering medium is effectively Maxwell’s equa-
tions. This process begins by deriving the scalar wave equation, which represents
wave propagation in an irregularly scattering medium where it is assumed that the
temporal fluctuations of the irregularities are much slower than the wave period
and have scale-sizes much greater than the wavelength of the wave (Yeh and Liu,

1982). This can be expressed in terms of the scalar Helmholtz wave equation:

VZE + k*[1 + ¢ (7)]E = 0, 0<z<L (3.31)

where E is the electric field component, €; is the dielectric permittivity defined
by a field of density irregularities, k is the electric field wave vector, and 7 is the
vector representing the location of the irregularities. It is important to note that
since the solutions to equation (3.31) are a function of the wave number, which is
inversely proportional to the wave frequency, the ionospheric scintillations of the
signals at two unique frequencies broadcast from the same satellite will be affected
differently by the irregularities (Kintner et al., 2007).
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So, the phase screen model helps to greatly simplify the general problem of wave
propagation in a randomly scattering medium, and is a very useful practical tool
which provides a means of computing unique, equivalent statistical parameters to
characterise irregularity structure along the propagation path (Rino, 1979a; Kint-
ner et al., 2007).

3.4.2 Amplitude and phase scintillation

The intensity of the amplitude scintillation activity is usually quantified in terms
of the S, index. The S, index is defined as the normalised standard deviation of the
signal intensity or power determined over a period of time, and can be expressed
as (Yeh and Liu, 1982):

<IZ>-—<]>2
— .32
1 \/ < I>2 (3.32)

where [ is the signal intensity and <> indicate the mean value of the quantity

taken over a given interval.

Ionospheric phase scintillation is produced by ionospheric irregularities with small
wave numbers and close to the first Fresnel radius. Irregularities with small wave
numbers are regarded as being refractive. Scintillation associated with refractive
irregularities is produced by fluctuations in the integrated electron density (TEC)
along the signal path, while scintillation caused by irregularity structures with size
near the first Fresnel radius is produced through interference by different phases

leaving the thin diffractive layer (Kintner et al., 2007).

Phase scintillation levels are measured using the o4 index, which is defined as the
standard deviation of the signal phase, ¢, in radians. This is expressed mathemat-
ically in the form (Beach, 2006):

oL =< ¢’ >—<¢>? (3.33)

When processing the o4 index, it is crucial to take into account that the index
is sensitive to data detrending approaches, which may introduce receiver clock
noise or GPS satellite motion, as discussed by Forte and Radicella (2002). Also,
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Forte (2005) and Beach (2006) show that failure to adequately take irregularity
dynamics into account may result in false conclusions. Furthermore, Beach (2006)
recommends the development of suitable alternative measures, a process which

needs careful consideration of the elements of scintillation and their impact.

Theoretically, the S, index for amplitude scintillation saturates at unity, while o4
can increase indefinitely, because there is no defined upper limit. However, both
S4 and o, are normally computed from raw data over a l1-minute interval. This
time interval could be arbitrarily larger or smaller, bearing in mind that the time
interval must be long compared to the Fresnel length divided by the irregularity
drift speed (Kintner et al., 2007). Intense Sy levels can cause signal power fades
below threshold limits, which lead to receiver loss of lock on signal and cycle slips.
Strong o, levels could also cause loss of lock when the Doppler shift exceeds the
phase lock loop bandwidth. During such times, GNSS positioning can be impaired
(Basu et al., 2002).

3.5 Ionosonde and GPS infrastructure in South
Africa

Currently, South Africa has a GPS reference station network comprising a Trignet
network of fifty-five Trimble NetRS receivers operated by the Chief Directorate:
National GEO-Spatial Information (formerly the Chief Directorate: Surveys and
Mapping, www.trignet.co.za), and three IGS receivers maintained by the Geodesy
group at the Hartebeesthoek Radio Astronomy Observatory. The Trignet GPS
receivers record dual-frequency observables at 1-second intervals and the IGS re-
ceivers at 30-second intervals, thus making it possible to monitor rapid variations
in the ionospheric TEC.

South Africa also operates four ionosonde field stations, located at Hermanus, Gra-
hamstown, Louisvale and Madimbo. Each of these field stations has a Digisonde,
which continuously records the ionospheric behaviour, and a co-located GPS dual
frequency receiver. The Digisondes are pulse ionospheric sounders developed and
manufactured by the University of Massachusetts Lowell Centre for Atmospheric
Research (UMLCAR). Figure 3.5 shows the locations of the four ionosonde sta-
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Figure 3.5: Location of GPS and ionosonde stations across South Africa. Red
diamonds are ionosondes stations, blue squares are GPS reference stations, and
black triangles are stations with co-located ionosondes and GPS receivers.

tions and part of the GPS network of receivers.

Furthermore, South Africa has a network of four GPS Ionospheric Scintillation and
TEC Monitors (GISTM) located on Marion Island and Gough Island, at SANAE-
IV Antarctic research station, and at the Hermanus field station (installed May
2010). However, data from the Hermanus station is not part of the present study.
The SANAE-IV receiver was installed as a project of the International Polar Year
(IPY 2007-2009). One focus of the IPY was to conduct multi-instrument investi-
gations of the high-latitude ionosphere (Alfonsi et al., 2008). The receivers, which
are maintained by the SANSA Space Science Directorate (formerly Hermanus
Magnetic Observatory), have been operational since December 2006 (SANAE-IV),
April 2007 (Marion Island) and September 2008 (Gough Island). The geographical
longitudes (GLON) and latitudes (GLAT), and the magnetic longitudes (MLON)
and latitudes (MLAT) of the GPS, GISTM and ionosonde sites that were used in
this study are listed in Table 3.1.
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Table 3.1: GPS, GISTM and ionosonde stations that provided data for this study.

Location Code Geo. Lat MLAT Geo. Lon MLON
GPS stations

Bloemfontein BFTN 29.1°S 38.9°S 26.3°E 91.9°E
Cape Town CPTN 34.0°S  42.7°S 18.5°E 81.7°E
George GEOR 34.0°S  43.0°S  224°E  85.7°E
Graaff Reinet GRNT 32.3°S 42.0°S 24.5°E 88.7°E
Kimberley KLEY 28.7°S 39.6°S 24.8°E 90.5°E
Langebaan LGBN 33.0°S  42.1°S 18.1°E 81.8°E
Mafikeng MFKG 25.8°S 37.6°S 25.5°E 92.4°E
Nelspruit NSPT 25.5°S 37.1°S 30.9°E 98.1°E
Port Elizabeth PELB 34.0°S  42.4°S 25.6°E 90.0°E
Pretoria PRET 25.7°S 37.4°S 28.3°E 95.3°E
Richards Bay RBAY 28.8°S 39.7°S 32.1°E 97.9°E
Springbok SBOK 29.7°S 39.9°S 17.9°E 82.9°E
Ionosonde stations

Grahamstown GR13L 33.3°S 42.8°S 26.5°E 90.2°E
Hermanus HE13N 34.4°S 43.1°S 19.2°E 82.2°KE
Louisvale LV12P 28.5°S 39.4°S 21.2°E 86.7°E
Madimbo MU12K 22.4°S 34.5°S 30.9°E 99.1°E
GISTM stations

Gough Island GOUGST1  40.3°S  42.2°S  09.9°W  49.9°E
Marion Island MARGST1  46.9°S 52.8°S 37.9°E 93.3°E
SANAE-IV SANGST1 71.7°S 66.0°S  02.8°W  43.1°E

The GISTMs are modified Novatel GSV4004 GPS receivers that can simultane-
ously track up to 11 satellites at L1 and L2 frequencies, at a 50 Hz sampling rate.
All the GISTM receivers record both L1 amplitude and phase scintillation indices
at 1-minute intervals, in the form of S, and o, respectively (see Van Dierendonck
et al., 1996). These receivers were initially set to log TEC, S, and o, derived from
50 Hz data at 1-minute intervals, but have also been logging raw 50 Hz data since
January 2009. To minimise multipath effects on the GPS data, only scintillation
and TEC values for satellites above a 30° elevation angle cut-off were used for the

present study.

A riometer (Relative lonospheric Opacity Meter) was installed in the vicinity of
the GISTM system at the SANAE-IV station in Antarctica, by the Space Physics
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group of the NorthWest University in South Africa, and is currently maintained
by SANSA Space Science. Beamforming riometers are a valuable and powerful
tool for remote sensing of the ionosphere (Rodger and Jarvis, 2000, and references
therein) and are well suited for observing the smaller-scale structures and dynamics
of polar cap absorption events, substorms and the ionospheric footprint of the
interplanetary magnetic field (IMF) (Stauning, 1996; Wilson, 2000).

3.6 Satellite-based instrumentation

3.6.1 The DMSP instruments and data

The Defense Meteorological Satellite Program (DMSP) of the US Air Force was
approved in August 1961 for the purpose of providing weather observations by
satellite. Since then, a number of DMSP satellites have been launched to in-
vestigate the Earth’s environment at an altitude of 830 km in sun-synchronous
(inclination ~99 degrees) near-polar orbits, with a period of 101 minutes. DMSP
satellites fly in one of two local time configurations: approximately dawn-dusk
and roughly 0930-2130 LT. Basically DMSP satellites have a variety of on-board
sensors, but only two of these sensors (SSJ/4 and SSI/ES) are of interest for the
present study.

DMSP SSJ/4 data covers a complete energy spectrum of the low energy particles
that are responsible for the aurora and other high-latitude phenomena. The data
comprises electron and ion particle fluxes between 30 eV and 30 keV, recorded by
using four electrostatic analysers at 1-second resolution and also comprises satellite
ephemeris and magnetic coordinates where the particles are likely to be absorbed
by the atmosphere. The SSJ/4 instruments were designed to measure the flux
of charged particles entering the Earth’s upper atmosphere from the near-Earth
space environment. The SSJ/4 archive data is processed on-board the satellite
and at the National Geophysical Data Center (NGDC). The DMSP particle de-
tectors were designed by Dave Hardy of the Air Force Research Laboratory in USA.

DMSP SSJ/4 data is used extensively in space physics research, monitoring of

the space environment and space weather forecasting. The data sets have been
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used to investigate the electron and ion features of the aurora, and to characterise
or model the polar cap, the polar cusp, and the auroral zone (e.g. Hardy et al.,
1985). The data has also been used to mapout the equatorward boundary of
the auroral zone, to specify the structure of the high-latitude ionosphere and neu-

tral atmosphere, and in investigations dealing with the cause of satellite anomalies.

The SSI/ES instrument is a modified version of the Special Sensor for Ions and
Electrons (SSI/E). The SSI/E instruments took measurements of the ambient
electron density and temperatures, the ambient ion density, and the mean ion
temperature and molecular weight at the DMSP orbital height. The instrument
comprises an electron sensor (Langmuir probe) and an ion sensor secured on a
2.5 metre platform. The ion sensor is a planar aperture and planar collector sen-
sor and is always positioned along the spacecraft velocity vector. The DMSP
SSI/ES sensor coordinates are such that the z vector is in line with the satel-
lite velocity, y lies in the horizontal direction (~ east-west), and z lies in the
vertical direction. The SSI/ES instrument includes a plasma drift meter and a
scintillation meter, in addition to the Langmuir probe and planar collector which
make up the SSI/E. Improved versions of the SSI/ES (SSI/ES-2) are planned for
flights on vehicles through S-20. Further details on all the DMSP instrumenta-
tion can be found on the DMSP websites (http://www.ngdc.noaa.gov/dmsp/ or
http://cindispace.utdallas.edu/DMSP /faq.htm#2).

3.6.2 TOPEX and JASON-1 satellite data

The TOPEX (TOPographic EXplorer) and JASON-1 satellites were designed to
take measurements of the changing topography of the ocean, and therefore, do not
provide data over landmasses. They were designed as a collaborative project of
NASA Jet Propulsion Laboratory (JPL) in the United States and Centre National
d’Etudes Spatiales (CNES) in France. The TOPEX/JASON-1 satellites have an
orbital period of about 112.42 minutes, with a 66° inclination circular orbit at an
altitude of 1336 km and provide about 95% full geographic coverage of the Earth’s

oceans roughly every 10 days.

TOPEX/JASON-1 operate in the Ku-band (13.6 GHz) and the C-band (5.3 GHz)

using a dual-frequency altimeter. The measured range delay difference between the
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two frequencies is used to estimate the ionospheric vertical TEC from the satellite
to the surface of the ocean. The reader should refer to Imel (1994) for detailed
information about the TOPEX/JASON-1 satellites.

3.6.3 The Advanced Composition Explorer (ACE)

The ACE satellite was launched in August 1997 and contains six high resolution
spectrometers and three monitoring instruments that together measure the low-
energy particles of the solar wind and high-energy galactic particles (Stone et al.,
1998). The ACE orbits the Earth-Sun L1 libration point which is ~1.5 million
km sunward of Earth and ~148.5 million km from the Sun. ACE is in direct view
of the higher energy particles originating from the Sun, as well as heliospheric,
galactic and extra-galactic particles. Therefore, the ACE satellite provides near-
real-time 24/7 continuous coverage of solar wind parameters and solar energetic
particle intensities (space weather), and provides an advance warning (about one
hour) of geomagnetic storms that can severely impact the performance and in-
tegrity of space-borne and ground-based technological systems, and can endanger

human life or health.

The ACE satellite was lauched with the primary objective of analysing and com-
paring the elemental and isotopic composition of a number of distinct samples of
matter, including the solar corona, the interplanetary medium, the local interstel-
lar medium, and galactic matter. Matter from the Sun is examined by determining
the composition of the solar wind, of the coronal mass ejections (CMEs), and of
solar energetic particles (for more details see Stone et al., 1998). The ACE data
used in this study includes: solar wind speed and ram pressure, proton density,

proton temperature and the solar wind total magnetic field and Bz-component.

3.7 Summary

The various instruments and data sources for this thesis were highlighted in this
chapter. Both space- and ground-based observations can be used to study the
effects of space weather events on the TEC and plasma density of the ionosphere.

Dense networks of ground-based GPS receivers across the world have been used
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in the investigation of GPS ionospheric TEC. Table (3.2) provides a list of the
instruments discussed in this chapter, and also provides a useful reference for each
instrument and an important URL or name of organisation responsible for man-

aging the data.

The next chapter takes a look at some of the solar-terrestrial phenomena usually as-
sociated with geomagnetic disturbances, with more emphasis place on ionospheric
and thermospheric phenomena. These phenomena are important for understand-

ing the discussions in later chapters of this thesis.

Table 3.2: List of instruments, including the name, useful reference and the URL
of or name of organisation responsible for data management.

Name of instrument Useful reference Data management
Tonosondes McKinnell (2008) SANSA Space Science
GPS receivers Ngwira et al. (2011Db) www.trignet.co.za or

www.hartrao.ac.za/geodesy
GISTM receivers Van Dierendonck et al. (1996) SANSA Space Science

Riometers Wilson (2000) SANSA Space Science
DMSP Hardy et al. (1985) www.ngdc.noaa.gov,/dmsp
TOPEX/JASON-1  Imel (1994) www.altimetry.info/

ACE Stone et al. (1998) http://cdaweb.gsfc.nasa.gov/
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Chapter 4

Solar-Terrestrial disturbance

phenomena

4.1 Introduction

This chapter looks at a number of solar-terrestrial phenomena which contribute to
the deviation of the ionospheric electron density from the background conditions in
association with geomagnetic disturbances. Some knowledge of these fundamental
processes and driving mechanisms is necessary to understand the results of this

research, their interpretation and discussion.

4.2 The Sun, solar wind and IMF

The Sun, a primary source of space weather, has a magnetic field which varies ap-
proximately with the 22-year solar cycle that is characterised by a reversal of the
magnetic polarity. This magnetic field is associated with a number of observable
phenomena that occur on the solar surface such as sunspots, solar flares, CMEs,

prominences and filaments.

Sunspots are regions on the Sun’s surface which have lower temperatures than
their surroundings and thus appear as dark spots relative to their surroundings
(Kivelson and Russell, 1995). The number of sunspots visible on the solar surface
varies with an 11-year sunspot cycle, which is marked by increased (solar maxi-

mum) or decreased (solar minimum) solar activity. Figure 4.1 shows the monthly
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Figure 4.1: Monthly sunspot number from January 1900 to December 2010. Data
available on the NOAA ftp site: ftp://ftp.ngdc.noaa.gov.

sunspot numbers from 1900 to 2010, with clearly defined cycles.

The solar wind is the outflow of plasma from the Sun’s surface into interplane-
tary space. High speed solar winds interacting with the Earth’s magnetic field
can produce large geomagnetic storms in the Earth’s magnetosphere depending on
the composition of the solar wind parameters (see Lopez et al., 2004). Associated
with the solar wind is the interplanetary magnetic field (IMF), which is part of
the Sun’s magnetic field. Due to the rotation of the Sun, the IMF travels outward
in a spiral pattern originating from regions on the Sun where open magnetic field
lines emerging from one region do not return to a conjugate region, but instead

extend indefinitely into space.
The IMF is described by three orthogonal component directions Bx, By, and Bz.

The directions of the IMF are important for the study of the coupling of the solar
wind with the magnetosphere/ionosphere. Campbell (1997) reports that the ac-
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cepted model of the IMF supposes that, when the southward-directed IMF (—Bz)
encounters the northward-directed geomagnetic field, then the field lines inter-
connect, distorting the Earth’s dipole field and providing entry of the solar wind
particles into the magnetosphere through the process of magnetic reconnection.
Therefore, a southward Bz-component (Bz < 0) becomes the requirement for the
initiation of major magnetic disturbances on the Earth (Campbell, 1997; Richard-
son et al., 2001; Rosenqvist et al., 2005). During reconnection, there is an increased
energy input into the magnetosphere which initialises the conditions for dynamic

changes within the magnetospheric current systems.

CMEs are a discharge of huge amounts of plasma from the surface of the Sun into
interplanetary space. The occurrence of CMEs is associated with solar magnetic
field lines that open up into interplanetary space, and can take place at any time
during the solar cycle (Campbell, 1997, Chapter 3). However, the rate of CME
occurrence increases with increasing solar activity which tends to peak during
solar maximum (Campbell, 1997; Richardson et al., 2001). Observations reveal
that Earth-directed CMEs that evolve into interplanetary CMEs (ICMEs) are the
major cause of intense geomagnetic storms at the Earth (Richardson et al., 2000;
Srivastava and Venkatakrishnan, 2004; Gopalswamy et al., 2005). However, it
should be pointed out that not all Earth-directed CMEs are responsible for major
geomagnetic storms. Srivastava and Venkatakrishnan (2004) have shown that the
intensity of geomagnetic storms is strongly influenced by the southward compo-
nent of the IMF, followed by the initial speed of the CME and the solar wind ram
pressure. However, the main solar factors that determine the geoeffectiveness of
CMEs are not fully understood, as there is no sufficient information to characterise
the solar sources of strong geomagnetic storms and their interplanetary properties.
This is a complex situation which has implications for space weather forecasting,
i.e. a good understanding of such characteristics would help in forecasting the

occurrence of strong geomagnetic storms well in advance.

4.2.1 Magnetospheric electrodynamics

The magnetosphere can be viewed as the region of space in which the Earth’s mag-

netic field dominates the IMF. The dynamics of the plasma and energetic particles
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within the magnetospheric cavity are strongly influenced by the geomagnetic field.
The magnetosphere extends away from the Earth for several Earth radii with the
ionosphere as its lower boundary (Matsushita and Campbell, 1967; Walker, 2005).
The formation and extent of the outer region of the magnetosphere are mostly de-
termined by its interaction with the solar wind (Figure 4.2), which is its primary
source of energy (Kelley, 2009). Therefore, solar activity has a strong influence
on the shape and size of the magnetosphere on both the dayside (sunward) and
nightside (anti-sunward), and is the main driver of phenomena such as the aurora,

geomagnetic storms and substorms.

Figure 4.2: Solar wind and magnetosphere interaction.  Image courtesy

smsc.cnes.fr/OVH/

The coupling between the magnetosphere and the ionosphere is important because
it allows for the transfer of a large amount of energy into the ionosphere and at
the same time the ionosphere provides an inner boundary. For IMF —Bz the
convection in the magnetosphere is largely driven by reconnection at the dayside
magnetopause. The newly reconnected magnetic flux is convected over the polar

caps and added to the magnetotail lobes (Walker, 2005). Reconnection in the
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magnetotail then closes the flux again and the closed magnetic flux is transported
azimuthally around the Earth to the dayside to restart the cycle. However, this is

a simplified model that is well suited to illustrate the coupling aspects.

Basically, traditional magnetosphere-ionosphere coupling models assume a station-
ary state. For such a case 0/0t = V xX E assumes that the F-region electric field (E)
can be derived from a potential E = —V ¢, whereas E - B = 0 assumes that this
potential is constant on geomagnetic field (B) lines and maps into the ionosphere
(Walker, 2005). Induction currents, which are caused by the solar wind’s electric
field (E = —v x B) imposed onto the Earth’s magnetosphere, are the physical ori-
gins of geomagnetic activity that results in a complex system of magnetospheric

and ionospheric current systems (McPherron, 1979).

Enhanced energy injection at high latitudes, commonly associated with geomag-
netic storms, can result in a significant modification of the quiet-time global iono-
spheric structure and composition, which in turn induces regional structuring and
instability in ionospheric plasmas and neutral constituents. The source mecha-
nisms for such dramatic restructuring of the mid- and low-latitude ionospheric
plasma probably involve electrodynamic processes and transport, as well as chem-
ical processes, and therefore, magnetospheric/ionospheric electrodynamics are of
principal importance in understanding and interpreting such observations (Scher-
liess and Fejer, 1997; Fejer et al., 2007; Maruyama et al., 2007).

The two principal electric fields which cause ionospheric disturbances are: (1)
the prompt-penetration electric fields associated with magnetospheric convection
(Fejer and Scherliess, 1995; Foster and Rich, 1998; Kelley et al., 2003; Tsurutani
et al., 2004), and/or (2) the ionospheric disturbance dynamo electric fields, driven
by Joule heating at auroral latitudes which changes the global circulation pattern
in the thermosphere and the ionosphere (Blanc and Richmond, 1980; Fejer and
Scherliess, 1997). The extensive number of multi-instrument observations, put
to use in first-principle modelling, has resulted in a good understanding of how,
individually and together, these two sources regulate the mid- and low-latitude

ionosphere.
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Penetration of magnetospheric electric fields to low latitudes occurs in response to
large and rapid IMF-driven changes in the strength of magnetospheric convection,
when there is a momentary lapse of equilibrium between the convection-related
charge density and the charge density in the Alfvén layer (Fejer et al., 2007).
These electric fields are attributed to changes in the strengths of the region 1 and
region 2 Birkeland (field-aligned) current systems, which are required for shielding
the inner magnetosphere and mid- and low-latitude ionosphere from the complete
effect of the dawn-dusk magnetospheric convection electric field (Fejer et al., 2007;
Maruyama et al., 2007). However, when convection suddenly increases/decreases,
mainly caused by the southward turning of the IMF Bz-component, which in turn
leads to an increase in the cross-polar cap potential drop, the shielding mecha-
nism fails to protect the mid- and low-latitude ionosphere from the effects of the
convection-driven electric field (Maruyama et al., 2007). Therefore, these electric
fields can perturb the ionosphere nearly simultaneously (“prompt-penetration”)
from middle to equatorial latitudes. Wolf et al. (2007) provide a comprehensive
review of inner magnetospheric electrodynamics, including the effects of under-

shielding and overshielding.

By contrast, the disturbance dynamo electric field effects manifest in time scales of
a few hours to days (Blanc and Richmond, 1980; Mazaudier and Venkateswaran,
1990), and can be distinguished from the prompt-penetration electric fields based
on these long time scales (Scherliess and Fejer, 1997). However, it should be noted
that long-lasting penetration of magnetospheric electric fields, which is associated
with long-lived geomagnetic disturbances, was reported in some recent studies
(Huang and Foster, 2005; Maruyama et al., 2007). On the other hand, Scherliess
and Fejer (1997) report of fast-occurring disturbance dynamo electric fields (about
2-3 hours after significant increase in convection), which are most likely driven by
the dynamo action of high velocity equatorward wind surges (Fuller-Rowell et al.,
2002).

On the dayside, the prompt-penetration electric field moves eastward during dawn-
dusk and the associated upward E x B plasma drift, where E is the F-region
electric field, uplifts the ionospheric plasma to higher altitudes where chemical

recombination is less prevalent. At the same time, increased solar radiation aids
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the formation of new electron-ion plasma at lower altitudes, thus leading to an
overall increase in dayside ionospheric plasma (Foster and Rich, 1998; Tsurutani
et al., 2004; Heelis et al., 2009). By contrast, model predictions by Blanc and
Richmond (1980) revealed that the ionospheric disturbance dynamo electric field
moves westward on the dayside and eastward on the nightside, i.e. opposite to
the quiet-time dynamo electric field daily variations. The disturbance dynamo
effects, through plasma transport, can cause depletion of ionospheric plasma on
the dayside (Tsurutani et al., 2004) and can also suppress the equatorial ionisation
anomaly (EIA) peaks (Fuller-Rowell et al., 2008), whilst on the nightside, strong
local time dependence is reported with enhanced upward drifts in the postmid-
night sector (Fuller-Rowell et al., 2002, 2008).

4.3 Thermospheric storms and TIDs

During geomagnetic storms, two of the major drivers of ionospheric structures are
the electric fields and energy deposits in the auroral ionosphere. In the previous
section the electrodynamic effects were discussed, and this section will address the

effects of energy deposition in the auroral ionosphere.

High energy deposition in the higher-latitude ionosphere, due to auroral currents
and precipitating particles, may drive strong storm-time changes in the neutral
air and its composition, which affect the rate of production and loss of ionisation
(Fuller-Rowell et al., 1994; Rishbeth, 1998; Buonsanto, 1999; Crowley and Meier,
2008). These storm-time perturbations alter the distribution of ionospheric plasma
by producing an increase and/or a decrease in electron density, and constitute the
positive or negative storm phases respectively (Fuller-Rowell et al., 1994; Prolss,
1995; Buonsanto, 1999; Mendillo, 2006).

At high latitudes enhanced Joule and particle heating can produce thermal ex-
pansion of neutral air following geomagnetic disturbances. This leads to horizon-
tal temperature and pressure gradients. It is followed by an upwelling (positive
vertical velocity) across constant pressure surfaces and an increase in molecular

constituents, i.e. reduction in the ratio of atomic oxygen density [O] to molecular
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nitrogen [No| and oxygen [Os] densities. This modifies the neutral composition
by increasing the chemical loss rates that in turn lead to a reduction in the iono-
spheric plasma density (Fuller-Rowell et al., 1994, 1997; Buonsanto, 1999). In
addition to the expansion of the neutral air, increased polar thermospheric tem-
peratures create large-scale pressure gradients that drive a global thermospheric
circulation (Fuller-Rowell et al., 1994, 1997). The equatorward disturbance winds
push plasma up along geomagnetic field lines to higher altitudes where the plasma
loss rate is lower, because fewer molecular species are available, and subsequently
plasma increases at F-region heights (Fuller-Rowell et al., 1994; Prolss, 1993a,
1995). Conversely, Fuller-Rowell et al. (1997) demonstrated that winds and waves
can propagate from one hemisphere and penetrate well into the opposite hemi-
sphere. These become known as poleward winds. These poleward winds push
plasma to lower altitudes where there are more molecular species. This accelerates
the plasma decay by means of enhanced recombination rates, causing a negative
storm effect. The dynamic effects of these processes are observed particularly at
the F-region heights where the chemical effects are relatively low. They also give
rise to the north-south asymmetry in the EIA peaks (Fuller-Rowell et al., 1994).

Equatorward winds on the nightside longitude sector have the strongest response,
because they then add to the background day-to-night circulation (Fuller-Rowell
et al., 1997; Buonsanto, 1999). Fuller-Rowell et al. (1997) identified two factors
that strengthen the winds: the location of the longitude sector of the geomagnetic
pole, and preference for wind and wave propagation on the nightside. They at-
tributed the weak response on the dayside to the prevailing poleward wind, but
also singled out ion-drag due to high plasma density as the most likely cause of
rapid dissipation of the wind surge. Buonsanto (1999) associated equatorward
winds with enhanced equatorward surges or travelling atmospheric disturbances

(TADs) which are driven by impulsive heating events.

TADs are launched by large-scale atmospheric gravity waves (AGWs) driven by
high-latitude phenomena such as Joule heating, Lorentz forces, or intense par-
ticle precipitations, and are manifested in the ionospheric plasma as travelling
ionospheric disturbances (TIDs) (Hines, 1960; Hunsucker, 1982). TIDs play a sig-

nificant role in the transport of energy and momentum in the ionosphere, as they
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propagate from the high latitudes to mid- and low-latitudes. TIDs can be cate-
gorised as medium-scale (MSTIDs) or large-scale (LSTIDs), depending on their
wave parameters such as wavelength, velocity, and period (see review by Hocke
and Schlegel, 1996). The LSTIDs are believed to propagate in the thermosphere
with horizontal velocities between 400 and 1000 m/s and horizontal wavelengths
greater than 1000 km, while, MSTIDs propagate in the lower atmosphere before
they can be detected in the ionosphere and are believed to have horizontal veloc-
ities between 100 and 250 m/s, with wavelengths of several hundred kilometres
(Hocke and Schlegel, 1996).

A number of recent studies were able to infer the physical properties of TIDs
particularly using TEC maps derived using dense networks of ground-based GPS
receivers (Nicolls et al., 2004; Tsugawa et al., 2007; Ding et al., 2007). An inves-
tigation of geomagnetic conjugacy of LSTIDs using GPS networks in Japan and
Australia by Tsugawa et al. (2006) found that LSTIDs were not associated electro-
magnetically through the geomagnetic field between the two hemispheres, but were
rather generated by AGWs, which independently propagated to lower latitudes.
They also concluded that the asymmetry of LSTID appearance at mid-latitudes
in the two hemispheres was related to the asymmetry of the auroral energy input,
rather than the ionospheric and atmospheric background conditions. Subsequently,
Tsugawa et al. (2007) showed for the first time, using the North American GPS
network that nighttime MSTIDs propagated southwestward with wavelengths of
about 200-500 km and wavefronts longer than approximately 2 000 km, whilst day-
time MSTIDs had wavelengths of ~300 to 1000 km and propagated southeastward

until mid-afternoon and southwestward in the late afternoon.

4.4 Ionospheric storms

Ionospheric storms are a manifestation of geomagnetic storm events. They repre-
sent an extreme form of space weather, which is a cause for concern when it comes
to the safety and reliability of increasingly sophisticated space- and ground-based
technological systems. As discussed previously, global electrodynamics, neutral
winds and subsequent compositional changes in the plasma density following ge-

omagnetic storm activity have a major impact on the quiet-time ionospheric F-
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region density, and can lead to positive or negative ionospheric storm effects.

At mid-latitudes positive storm effects are more prevalent in winter, and nega-
tive storm effects appear more frequently in summer (Fuller-Rowell et al., 1996,
1997; Huang and Foster, 2005). This is attributed to the prevailing summer-to-
winter circulation, where the poleward winds restrict the equatorward movement
of the composition disturbance in the winter hemisphere (Fuller-Rowell et al., 1996;
Buonsanto, 1999). This leads to a decrease of molecular constituents and produces
a positive storm effect. On the other hand, the modified neutral-chemical distri-
bution in the summer hemisphere leads to an increase of molecular constituents,
which subsequently reduces the F-region electron density in the mid-latitude iono-

sphere and generates a negative storm effect. The occurrence of positive and neg-
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Figure 4.3: An example of a positive (left) and negative (right) ionospheric storm
effect on the GPS-derived TEC for the storms on 29 and 30 October 2003, re-
spectively. The top panels show the observed TEC (blue) and the quiet-day mean
values (red), while the bottom panels show the relative TEC deviation on the two
days, i.e. ATEC = TEC,,s—TEC,,.can-
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ative storm effects is determined by the season, location of the station (magnetic
latitude), local time of the geomagnetic storm onset and the phase of the storm
(Fuller-Rowell et al., 1994). Figure 4.3 displays a positive storm effect (left) and
negative storm effect (right) on the GPS-derived TEC as observed at Nelspruit,
South Africa. The observed TEC (blue) and the quiet-day mean values (red) are
shown in the top panels, while the bottom panels show the relative TEC deviation

on the two days.

4.4.1 Negative storm effects

The primary driving mechanisms that are thought to be responsible for positive
and negative ionospheric storm effects have widely been investigated, helped by
recent advances in observational and modelling techniques (Prolss, 1995; Fuller-
Rowell et al., 1994; Buonsanto, 1999; Mendillo, 2006; Burns et al., 2007; Pedatella
et al., 2009). It is widely accepted that negative storms are generated by neu-
tral composition changes (Prolss et al., 1991; Rishbeth, 1991; Fuller-Rowell et al.,
1997; Buonsanto, 1999; Mendillo, 2006). During geomagnetic storms, the energy
input from the magnetosphere to the atmosphere is increased, which enhances the
Joule heating at high latitudes. This decreases the normal poleward wind on the
dayside and strengthens the equatorward wind on the nightside, thereby creating
a storm circulation that transports air with increased molecular species to mid-
latitudes. Now, it is well established that the F2-layer electron density depends on
the neutral air composition and the recombination rate depends on the molecular
concentrations (Fuller-Rowell et al., 1997; Rishbeth, 1998). Therefore, an increase
in molecular species is associated with an increase in plasma loss rates, which re-

duces the F-region electron density, causing a negative storm effect.

Nowadays, it has become clear that the negative storm effects are due to a decrease
in the [O/Ny] and [O/O4] neutral density ratios (Rishbeth, 1991; Buonsanto, 1999).
Much of the progress towards understanding these responses are due to the com-
bination of in situ observations (Prolss et al., 1991; Christensen et al., 2003; Meier
et al., 2005; Crowley and Meier, 2008) and theoretical prediction models (Burns
et al., 1991; Fuller-Rowell et al., 1996; Richmond et al., 2003).
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4.4.2 Positive storm effects

Unlike negative storms, the general understanding of positive storms is still incom-
plete, with several mechanisms being proposed to explain their generation (Foster,
1993; Buonsanto, 1999; Werner et al., 1999; Huang and Foster, 2005; Pedatella
et al., 2009). Positive storms display many characteristics and can be grouped
into several classes depending on the duration, local time and latitude. One fre-
quently observed class of positive storm is the daytime short-duration enhancement
of the mid-latitude ionospheric electron density. These are usually attributed to
atmospheric disturbances resulting from AGWs, that are launched in the high lat-
itudes during storms or substorms and travel to mid-latitudes (Prélss and Jung,
1978; Prolss, 1993a; Werner et al., 1999). As explained earlier in Section 4.2, the
equatorward disturbance winds push ionospheric plasma to greater altitudes, and

consequently increase the F-region electron density.

In addition to equatorward winds, storm-enhanced eastward electric fields can
uplift plasma to higher altitudes where molecular recombination rates are lower,
resulting in increased ionospheric F-region electron density (Foster and Rich, 1998;
Vlasov et al., 2003; Tsurutani et al., 2004). In the equatorial region such an electric
field will lead to an enhanced “fountain effect”. As a result, the F-region electron
density decreases over the geomagnetic equator, and the electron density at the
anomaly regions will be increased (Foster and Rich, 1998; Foster et al., 2005).
Since the latitudinal location of the anomaly peaks depends on the strength of the
electric field, a strongly enhanced eastward electric field moves the anomaly peaks
to higher latitudes (Mannucci et al., 2005; Huang and Foster, 2005; Maruyama
and Nakamura, 2007).

Following geomagnetic storms, large enhancements in F-region electron density
are usually observed in the local afternoon and evening hours, and thus termed
the “dusk effect”. Observations by Millstone Hill incoherent scatter radar show
that an evening storm enhancement is followed by the equatorward movement of
the ionospheric trough (Buonsanto, 1999, and references therein). The dusk effect
is believed to be associated with rapid sunward convection of high density plasma
from the low latitudes (Foster, 1993). Such a storm-induced enhancement on the

equatorward edge of the dusk sector ionospheric trough is commonly known as
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storm enhanced density (SED) (Foster et al., 2002; Coster et al., 2003). The SED
plumes, which are associated with the erosion of the outer plasmasphere after a
geomagnetic storm, are known to occur in close proximity to subauroral polar-
isation stream electric fields (Su et al., 2001; Foster et al., 2002). A study by
Buonsanto (1995) suggests that both a wind-induced uplifting and a transfer of
plasma originating in the low latitudes could also contribute to the dusk effect.
Recently, investigations by Foster et al. (2005) revealed that the source of the SED
plasma lies in the low latitudes, thus confirming the mechanism earlier suggested
by Foster (1993).

It should be noted that earlier reports on SED plumes were all from the North
American longitude sector, which led to the assumption that this was the pref-
erential location because of the geomagnetic field layout at these longitudes (i.e.
high geomagnetic latitude relative to its geographic location). However, a recent
study by Yizengaw et al. (2006a), who employed a combination of ground-based
GPS-derived TEC, EISCAT incoherent scatter radar, and DMSP F15 ion drift
observations, demonstrated that SED features also occur over Europe, and more
recently, Yizengaw et al. (2008) reported on SED features over other longitudinal

sectors.

Another class of positive storms is the long-duration enhancement in the F-region
electron density at low and mid-latitudes. The long-duration positive storm ef-
fects can occur on a continental scale and last for many hours or days. According
to Buonsanto (1999) two primary mechanisms have been proposed to explain the
long-duration storm effects: downwelling of neutral atomic oxygen (O) and up-
lifting of the F2-layer by enhanced equatorward winds. However, recent studies
suggest that enhanced eastward electric fields could also play an important role in
generating long-duration positive storm effects (Huang and Foster, 2005; Pedatella
et al., 2009). In any case, long-duration storm effects are still considered to be one
of the major unresolved problems of ionospheric physics (Buonsanto, 1999; Burns
et al., 2007), and will be the subject of Chapter 6.
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4.5 Ionospheric irregularities

Radio wave scintillation investigations have become one of the most commonly
used approaches to sensing ionospheric irregularities, particularly in the E- and
F-regions (Basu and Basu Su., 1981; Yeh and Liu, 1982; Basu et al., 1993; Aarons
et al., 1997; Kintner and Ledvina, 2005). The ionosphere can generally be consid-
ered a continuous layer with a fairly smooth plasma density distribution. However,
under disturbed conditions, localised structuring of electron density can develop.
This kind of electron density structuring is what is commonly referred to as iono-
spheric irregularities. The presence of structured irregularities in the ionosphere,
resulting from plasma density instabilities, cause scattering of radio waves in the
frequency range of 0.1-4 GHz, giving rise to amplitude and phase scintillation
(Basu et al., 1988, 2002). Therefore, ionospheric scintillation can be regarded
as wave propagation in a random media. Scintillation can severely impact radio
signals such as those used by GNSS or HF systems (Yeh and Liu, 1982; Kintner
et al., 2001; De Paula et al., 2004; Cervera and Thomas, 2006; Kintner et al., 2007).

On the other hand, since ionospheric scintillation is caused by random electron
density irregularities acting as a medium for scattering waves, research on the
development and evolution of irregularities is closely related to scintillation stud-
ies (Yeh and Liu, 1982; Aarons et al., 1996; Pi et al., 1997; Wernik et al., 2004).
Therefore, interpretation of scintillation data is essential for strengthening the un-
derstanding of the physics and dynamics of the upper atmosphere. Scintillation
effects are most severe in the equatorial region, moderate at high latitudes and
generally weak at mid-latitudes (Basu et al., 2002, and references therein). Gen-
erally, the levels of scintillation in all latitude regions are at a maximum and more
frequent during the solar maximum period, when the F-region electron density
increases and the irregularities occur against a background of enhanced ionisation
density. However, intense scintillations at low latitudes are also observed during
geomagnetically quiet periods (Basu et al., 2002). Therefore, scintillation effects
are expected during the upcoming solar maximum period, which is expected to
occur between 2012-2014, and are of concern to GNSS applications. The lower
frequencies in particular are more severely affected by scintillation, as discussed in
Section 3.4.
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4.5.1 Equatorial irregularities

The equatorial and low-latitude ionospheric region is one of the most exten-
sively studied regions, as evidenced by widely documented literature (Kelley, 1989;
Aarons, 1993; Abdu, 1997; Fejer et al., 1999; De Paula et al., 2003; Dubey et al.,
2005; Dashora et al., 2009, and references therein). During the post-sunset period,
large-scale irregularities with typical east-west dimensions of several hundred kilo-
metres which contain small-scale irregularities of varying scale-sizes, ranging from
tens of kilometres to tens of centimetres, are generated in the equatorial F-region
due to plasma density instabilities. The major contributor to their development is
the equatorial vertical plasma drift, when the eastward electric field is enhanced
due to the action of the F-region dynamo (Fejer et al., 1999; De Paula et al., 2004;
De Rezende et al., 2007). The irregularities cause intense scintillation along two
belts in the low-latitude region marked by the presence of the EIA with high elec-
tron density peaks observed around 13°-18° North and South of the geomagnetic
equator. The cause of these equatorial irregularities is linked to the steep electron
density gradients present on the edges of the EIA, which are associated with ir-

regularity structures of a smaller scale.

Equatorial irregularities, which manifest on HF radar ionograms as spread F,
are generated along the geomagnetic equator after sunset primarily due to the
Rayleigh-Taylor plasma instability (Kelley, 1989; Aarons, 1993; Fejer et al., 1999;
De Paula et al., 2003, and references therein). After sunset and at the geomagnetic
equator, the ionospheric plasma is uplifted by the vertical E x B drift, where the
electric field E during the daytime is mapped from the E-region to the F-region
(De Paula et al., 2003; De Rezende et al., 2007). The zonal electric field in the
equatorial ionosphere flows eastward during the daytime, producing an upward
E x B/B? drift velocity. Immediately after sunset, this eastward flowing electric
field is enhanced due to conductivity enhancement at the terminator, a process
called the pre-reversal enhancement. The plasma from the F-region is then up-
lifted to higher altitudes, and at the same time the plasma in the low-latitude
regions quickly diminishes due to the decreasing intensity of the solar radiation
(Kelley, 1989). Following this, the plasma begins to descend (or diffuse) along
geomagnetic field lines by the action of gravity (¢) and the pressure gradient (Vp)

forces. The phenomenon of plasma uplifting and subsequent descent along geo-
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magnetic field lines is called the “fountain effect”. This is the origin of the EIA

and is illustrated in Figure 4.4.
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Figure 4.4: Mlustration of the equatorial fountain effect and the development of
the EIA in the electron density of the F2-layer.

The non-linear development of the Rayleigh-Taylor instability leads to a large
spectrum of irregularities of different scale-sizes, which can be investigated by ob-
servational techniques that use different signal frequencies (Basu and Basu Su.,
1981; De Paula et al., 2004; Cervera and Thomas, 2006, and references therein).
At the L1 GPS carrier frequency, it is possible to probe plasma irregularities with
scale-sizes of about 400 m. Under favourable ionospheric conditions, these irreg-
ularities can grow along geomagnetic field lines reaching continental dimensions
and become known as plasma bubbles (Basu and Basu Su., 1981; De Paula et al.,
2004; Nishioka et al., 2008).
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During geomagnetic storms, strong eastward (or westward) disturbance magne-
tospheric dynamo electric fields can penetrate to the equatorial region causing
enhancement (or weakening) of the upward plasma drift, and thereby trigger (or
inhibit) the generation of ionospheric irregularities (Aarons, 1991; De Rezende
et al., 2007). The driving mechanism behind the inhibition or generation of ir-
regularities appears to be primarily the height of the F2-layer, with a possible
contribution by the pre-reversal drift velocity and the rate of decrease of the layer.
According to Aarons (1991), a negative ring current excursion during presunset
period can directly or indirectly decrease the local eastward electric field thus re-
ducing the F2-layer height and possibly the downward velocity in the postsunset
generation period. Furthermore, Aarons (1991) using equatorial ionospheric data
collected from two widely separated stations (i.e. Manila and Huancayo), was able
to show that when the maximum ring current energy, as inferred from the Dst
index, occurred during the midnight to postmidnight time sector, irregularities
were generated. Aarons (1991) furthermore showed that with a minimum Dst
in the early afternoon, the irregularities were inhibited, and when the minimum
occurred during sunset or shortly after sunset, then there was no notable effect
on the formation of irregularities that particular night. Therefore, geomagnetic
activity plays a key role in the formation or inhibition of irregularities by changing

the progression of events.

4.5.2 Mid-latitude irregularities

In contrast to the equatorial ionosphere, it was long believed that the mid-latitude
ionosphere was a less active scintillation region. L-band frequencies were perceived
to be devoid of scintillation, as the mid-latitude was assumed to lack the necessary
mechanisms generally required for irregularity development (Ledvina and Kintner,
2004). However, studies have shown that the mid-latitude is more complicated
than initially thought, and that many different scales of structuring are possible
(Ledvina et al., 2002, and references therein). Ledvina et al. (2002) explain that
these developments suggest that the mid-latitude ionosphere is more active than
previously assumed and that the ionospheric/magnetospheric processes responsi-
ble for the production of mid-latitude structures are not well understood. Several

mechanisms could be the source of mid-latitude irregularities, working separately
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or in combination (Kelley, 1989; Basu et al., 2005a).

The characteristics of the mid-latitude ionosphere are generally regular, however,
during geomagnetic disturbances this predictable variability can be dramatically
overturned as the forces which drive the high-latitude region expand equatorward
(see reviews by Buonsanto, 1999; Mendillo, 2006). Therefore, the most intense mid-
latitude space weather effects often occur after geomagnetic storm events. During
such times, steep electron density gradients develop in these regions. The steep
gradients are mainly associated with two factors, i.e. the southward movement of
the ionospheric trough toward the higher density mid-latitude region, and abut-
ment of plumes of greatly enhanced TEC and high ion flux values, or SED (Coster
et al., 2003; Doherty et al., 2004; Foster et al., 2005; Yizengaw et al., 2008). The
electron density gradients (as much as 50 TEC/degree) may be vulnerable to insta-
bilities which lead to the development of irregularities. Some studies have shown
that VHF and UHF scintillation is frequently observed on the trailing edges of
the ionospheric trough and SED plumes, where density gradients are the largest
(Bowman, 1991; Basu et al., 2001; Skone et al., 2003; Kintner et al., 2007).

In addition, Basu et al. (2005a) have demonstrated that mid-latitude irregularities
can also form in association with auroral plasma processes, which appear to take
place when the auroral irregularity belt moves equatorward into the mid-latitudes.
Furthermore, these authors (Basu et al., 2005a) also observed that scintillation
typically occurred at the equatorward edge of the auroral emission, a case strongly

favouring an auroral process for the 0.1 to 10 km scale plasma structuring.

4.5.3 High-latitude irregularities

The high-latitude region is an environment of extremely complex and dynamic
ionospheric phenomena, which result from the coupling of the solar wind to the
Earth’s magnetosphere and upper atmosphere. Therefore, the source mechanisms
for high-latitude irregularities are not always easy to identify. During the last 40
years, these phenomena have been measured using numerous techniques, e.g. in
situ satellite observations, rockets, balloons, incoherent scatter radars and many
other radio sounding methods. Plasma in the high latitudes exhibits horizontal

motions, because the geomagnetic field is nearly vertical in this region (Kelley,
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2009).

Several known mechanisms which cause high latitude ionospheric irregularities are
soft electron precipitation, E x B gradient drift instability, velocity shears, the
current convective and the Kelvin-Helmholtz instability (Keskinen and Ossakow,
1983; Kersley et al., 1988; Kelley, 1989; Aarons, 1997; De Franceschi et al., 2008).
For a more comprehensive discussion of the various source mechanisms responsible
for high latitude E- and F-region irregularities, the reader is referred to the review
paper by Keskinen and Ossakow (1983) and the book by Kelley (1989).

The auroral oval is a typical high latitude feature that results from the interaction
between the solar wind and the geomagnetic field. In the auroral regions irregular
precipitation of energetic electrons occurs following substorm activity, and during
such events, structured depletion/enhancement of TEC are created in the auroral
ionosphere, particularly at E-region altitudes of 110 km (Skone et al., 2003). Par-
ticle precipitation effects at high latitudes are well documented (Basu et al., 1993;
Kersley et al., 1995; Aarons, 1997; Aarons and Lin, 1999; Ngwira et al., 2010).
Kelley et al. (1982) provides evidence that structured soft electron precipitation
is a major source of large-scale (A 2 10 km) F-region irregularities in the high
latitudes, and that convection acts to distribute the irregular plasma throughout
the polar ionosphere. These large-scale structures become unstable and gener-
ate smaller-scale irregularities. Therefore, the resulting spectrum of irregularities
generated in the F-region becomes a complex balance of instability growth and
damping that depends on E-region events and magnetospheric activity. Further-
more, Kelley et al. (1982) proposes that the current convective instability driven
by field-aligned currents or electric fields (or both), is an extremely significant pro-
cess that injects wave energy at the intermediate scale, and that drift waves play

a key role at smaller scales.

In the polar cap region, the auroral oval plays a significant role in the generation
of large-scale ionospheric F-region structures called patches (Basu et al., 1998).
A wide range of studies reveal that during active geomagnetic events, the cross
polar cap electric field on the dayside auroral oval imparts a “tongue of ionisation”

(TOI), which extends from the subauroral region into the nightside polar cap iono-
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sphere (Tsunoda, 1988; Basu et al., 1998; Skone et al., 2003; Mitchell et al., 2005;
De Franceschi et al., 2008). The high plasma flows then cause the TOI to divide
into discrete structures (or patches), and as these patches convect across the polar
cap, they lead to the formation of intermediate scale irregularities (tens of km to
tens of metres) by the action of the gradient drift instability mechanism. In an-
other study Lockwood and Carlson Jr. (1992) put forward transient magnetopause
reconnection as mechanism for the formation of polar cap patches, a case which

was supported by Carlson Jr. et al. (2004).

Electron density irregularities causing scintillation at high latitudes have dimen-
sions ranging from metres to kilometres and can affect GNSS signals propagating
through the ionosphere (Doherty et al., 2000; Skone et al., 2003). High latitude
scintillation has been under investigation for many years, with strong phase scin-
tillation and weak amplitude scintillation typically associated with precipitating
electrons (Doherty et al., 2000; Skone et al., 2003; Ngwira et al., 2010; Prikryl
et al., 2011). Furthermore, high-latitude scintillation is observed mainly during

the local nighttime. It will be discussed in Chapter 7.

4.6 Summary

This chapter attempted to summarise a highly complex geophysical system, i.e.
the response of the ionospheric plasma to various forms of geomagnetic distur-
bance. Tonospheric currents responsible for geomagnetic disturbances that affect
electron density distribution in the ionosphere at low to high latitude regions are
linked to processes in the magnetosphere. During storm events, current systems
in the magnetosphere and ionosphere are altered, and these in turn modify the
distribution of ionospheric electron density. This leads to positive and/or negative
ionospheric storm effects. When the photochemical processes are more significant
than the electrodynamic processes, the ionospheric electron density will be pro-
portional to the [O/Ny] density ratio (see review by Crowley and Meier, 2008).
Negative storm effects are fairly well understood, but positive storm effects are
still a major challenge for the ionospheric science community with many possible
mechanisms having been proposed to account for their generation. A simplified

picture of the ionospheric storm chain of processes is shown in Figure 4.5. The
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figure reveals that understanding the thermosphere is a critical step towards un-

derstanding the ionosphere.

The world today has become increasingly dependent on the use of radio waves for
satellite communication and GPS navigation systems. The study of ionospheric
irregularities is of major interest in the understanding of the physical processes gov-
erning the ionospheric plasma and, in addition, is of practical significance due to
the effects of irregularities on radio systems using ionospheric or trans-ionospheric
propagation channels (Kersley et al., 1988). Ionospheric irregularities, which cause

radio wave scintillations are a serious concern for users of such systems.

In the following two chapters, case studies of the ionospheric response during

Magnetospheric o
dynamics Electric fields
Equatorward
winds
Y
Negative )
ionospheric storm | P08|t|ye
ionospheric storm

Figure 4.5: A summary of the ionospheric storm chain of events.
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geomagnetic storm periods as observed over South Africa will be presented. This
will be followed by a case study of ionospheric scintillation over the South African

polar research station in Antarctica.
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Chapter 5

Mid-latitude ionospheric storm

resporise

5.1 Introduction

The objective of this chapter is to report on the investigation into the response
of the ionosphere during the major magnetic storm event of 15 May 2005, with a
focus on mid-latitude locations within South Africa. The effects of the severe geo-
magnetic storm were studied using both ground- and satellite-based observations.
A number of studies have investigated the evolution and generation of ionospheric
disturbances over mid-latitude regions, however, this chapter presents the first in-
vestigation of positive ionospheric storm effects and associated TIDs over South
Africa.

In recent years the subject of the ionospheric effects of large geomagnetic storms
has attracted wide interest (Basu et al., 2005b; Lin et al., 2005; Yizengaw et al.,
2006b; Dashora et al., 2009; Ngwira et al., 2011b,a, and references therein). Kel-
ley et al. (2000) have shown that the mid-latitude ionosphere has its own unique
physical processes which result in remarkable and important mesoscale ionospheric
structures during geomagnetic storms. These changes in the plasma density dis-
tribution and the subsequent formation of plasma density irregularities in the
ionosphere are known to affect trans-ionospheric radio signals, such as those used
by the GNSS systems and may severely impact satellite communication and nav-

igation systems, as well as HF radio communication.
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Although many studies have been done on positive ionospheric storms and TIDs
(Prolss and Jung, 1978; Fuller-Rowell et al., 1997; Nicolls et al., 2004; Ding et al.,
2007; Tsugawa et al., 2007; Lynn et al., 2008, and references therein), none have
been done for South Africa. A number of ionospheric studies utilising GPS obser-
vational data from across South Africa have been done and are well documented
(Cilliers et al., 2004; Moeketsi et al., 2007; Opperman et al., 2007; McKinnell
et al., 2007). More recently, neural network techniques are being applied in the
modelling of GPS-derived TEC over South Africa (Habarulema et al., 2009, 2010,

and references therein).

5.2 The 15 May 2005 geomagnetic storm

A CME was ejected from the solar surface into space on 13 May 2005 (16:50 UT)
and reached the Earth on 15 May 2005, causing a major geomagnetic storm with
a minimum Dst index of —263 n'T, and sparking bright auroras over the high
latitudes. The interplanetary conditions associated with this storm are shown in
Figure 5.1. The top six panels display interplanetary parameters recorded by the
ACE satellite. The panels display, from top to bottom, the solar wind speed (Vsw),
proton density (Np), proton temperature (Tp), the solar wind total magnetic field
magnitude (|B]), the interplanetary magnetic field (IMF) Bz-component in GSM
coordinates and the solar wind ram pressure (Pram). The corresponding ring cur-
rent activity as manifested by the Dst (blue curve) and the three-hourly Kp index
(bars) are shown in the bottom panel of Figure 5.1. A solar wind propagation
time delay of ~31 minutes was estimated for the propagation from the ACE satel-
lite location to the magnetosphere, using the measured solar wind speed of ~800
km/s, at an assumed distance of 1.5 x 10% km. Therefore, the solar wind data in
Figure 5.1 were shifted to match the Dst and Kp indices.

A storm sudden commencement (SSC) occurred at 02:40 UT on May 15, as indi-
cated by the vertical dashed line. The ground magnetic field, as depicted by the
Dst index, began to decrease rapidly after 06:00 UT. The shock arrival, identified
by the abrupt increase of the solar wind speed from ~ 480 km/s to about 800
km/s, occurred at about 02:40 UT on May 15. About 3 hours after the shock,
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Figure 5.1: The interplanetary and geomagnetic variations on 14-15 May 2005.
From top to bottom the panels represent the solar wind speed (Vsw), proton den-
sity (Np), proton temperature (Tp), the solar wind total magnetic field magnitude
(IB|), the Bz-component, the solar wind ram pressure (Pram). The Dst (blue
curve) and Kp indices are displayed in the bottom panel as overlay plots. The
vertical dashed line indicates the time of the SSC.

the IMF Bz-component turned to the north for about 30 minutes and then turned
sharply to the south (turning from about +39 to —43 nT in about 1 hour). The Bz
then remained south with a major negative excursion for about three hours. Other
solar wind parameters also showed a marked positive response to the shock. The
variation of the Auroral Electrojet (AFE) index (Figure 5.2), a measure of the en-
ergy deposited in the auroral regions, showed intense substorm activities between
02:00 and 10:00 UT on May 15, with the peak value of the AF index exceeding
1800 nT. Also shown in this figure is the interplanetary electric field (IEF), i.e.
IEFy.
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Figure 5.2: The AF index and the IEFy as derived for 15 May 2005.

The May 15 geomagnetic storm response, particularly in the equatorial region
over the Indian sector has been a subject attracting great interest (Bagiya et al.,
2011; Dashora et al., 2009; Malik et al., 2010). Perhaps the interest stems from
the highly unusual IEFy (Figure 5.2), which was determined by using the IMF
Bz-component and the solar wind velocity component V, (see report by Bagiya
et al., 2011). This enhanced IEFy produced strong penetrating electric fields in
equatorial and low-latitude regions that resulted in large electron density pertur-
bations in the dayside ionosphere. Dashora et al. (2009) performed the first ever
investigation into the response of the equatorial and low-latitude ionosphere over
the Indian sector using GPS-derived TEC measurements, a study which revealed a
strong positive storm response. These authors explained the observed storm-time
features in terms of the local low-latitude electrodynamic response produced by
penetration electric fields and the occurrence of TIDs, which resulted in an altered

fountain effect.
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Malik et al. (2010) also concluded that the TEC increase during the May 15 storm
could be explained by the action of a prompt-penetration electric field, and that
the enhanced levels of TEC and long-lived storm effects could be attributed to the
added influence of TIDs. Recently, Bagiya et al. (2011) conducted a detailed anal-
ysis on storm-time electrodynamical and neutral dynamical coupling and their
effect on the equatorial and low-latitude ionosphere during the said storm pe-
riod. They found that the daytime storm-induced increase in TEC was probably
associated with prompt-penetration electric fields from high to low latitudes, in
agreement with earlier findings by Dashora et al. (2009) and Malik et al. (2010).
The penetration electric fields occurred shortly after the northward turning of the
IMF Bz-component and subsequent intensification of the IEFy. This was followed
by an enhancement of the equatorial electrojet (EEJ) and sudden rise in absolute

horizontal geomagnetic field values for Tirunelveli, India.

5.3 Data and methods

Regional TEC data for South Africa were computed using the ASHA algorithm,
which is discussed in Section 3.3.4. The ASHA algorithm estimates vertical TEC
and also estimates and compensates for the differential clock and satellite biases.
The contribution of multipath effects on the GPS data was minimised by con-
sidering only TEC values for satellites above a 30° elevation angle cut-off. To
investigate the latitudinal response of TEC, three GPS receiver stations were cho-
sen: Mafikeng (MFKG), Bloemfontein (BFTN) and Port Elizabeth (PELB). These
observation points were selected so that they where nearest to the 26°E longitude,
as shown by the vertical black line in Figure 5.3. This was done to separate lat-
itudinal variation from time variation in the TEC. Furthermore, the longitudinal
response of TEC was investigated at three selected latitudes. They are indicated

by the three horizontal blue lines in Figure 5.3.

The temporal evolution of the different storm phenomena is easier to observe when
the diurnal variation is removed from the ionospheric measurements. The residuals
then allow one to see the accompanying storm-induced perturbations of the TEC.
To achieve this, the deviation of TEC relative to the quiet-time median values

(TEC,,cq) was calculated as defined by the equation:
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Figure 5.3: Distribution of GPS (red squares) and ionosonde (blue circles) stations
used in the present study.

ATEC = TEC s — TEC ed (5.1)

The median values were determined using data for six quiet days close to the storm
date.

5.4 Results

During the May 15 storm, the signature of the ionospheric TEC response to the in-
terplanetary energy input in the magnetosphere was first observed at the southern-
most latitudes of South Africa just after 07:30 UT (Figure 5.4). This occurred when
Bz reached its minimum value, and is consistent with observations by Tsurutani
et al. (2004) for previous storm events. The TEC values rapidly increased above
the quiet-day values before reaching their peak values at about 08:40 and 09:10 UT
(or at about 10:23 and 10:55 solar local time) at Port Elizabeth and Bloemfontein

respectively. The positive ionospheric storm effects had a more dominant effect
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Figure 5.4: Temporal TEC variations during May 14-15, 2005 at three GPS refer-
ence stations along approximately the same longitude, but separated in latitude.
The monthly median TEC values (red dashed lines) were used as quiet-day refer-
ence. At the three locations shown, standard time = UT + 2 hrs. The data are
sampled at 30-second intervals and the jump in TEC at the end of the first day is
a consequence of the data processing method.

at the northernmost station Mafikeng (36.2°S MLAT), where TEC levels reached
values approximately twice as high as those on the preceding quiet-day, rising
above 55 TECU. Usually during quiet periods, the daytime peak of TEC occurs at
about noon and post noon solar local time. Contrary to this, on May 15 at Port
Elizabeth and Bloemfontein, the TEC maximum was observed at pre-noon solar
local time, with indications of a 1-3 hour time shift due to effects of the storm. The
peak TEC occurred about 3 hours earlier at Port Elizabeth, and 2 hours earlier
at Mafikeng compared to the peak of the preceding day. The ionospheric TEC
responses in Figure 5.4 clearly show large TEC enhancements during the storm
period on May 15, as compared to the quiet-day median values. A second TEC

enhancement occurred about seven hours after the first event.
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Figure 5.5: Deviation of ionospheric TEC relative to quiet-day median values for
the same three locations as in Figure 5.4 during the period May 14-15, 2005.

Figure 5.5 displays the temporal TEC perturbations (ATEC) at the same locations
as in Figure 5.4. The storm had a predominantly positive effect in comparison to
the preceding quiet-day, except for a small negative phase visible at the Port Eliz-
abeth station. The TEC enhancement varied between 16 and 35 TECU during
the first enhancement and the maximum observed deviation had a characteristic
latitudinal dependence. The highest TEC enhancement during the first event oc-
curred at the station closest to the equator (Mafikeng) and reduced with increasing
latitude towards the southernmost station (Port Elizabeth). By contrast, the sec-
ond TEC enhancement does not show any latitudinal dependence in terms of the
maximum levels of enhancement, with almost similar levels of enhancement at all
stations.

Also, the GPS TEC perturbation series at different observation points in Figure 5.5
are similar in shape but shifted with time, thus indicating that the structure
causing the perturbations was propagating northwards to mid-latitudes from the
high latitudes. The daytime enhancement is a typical feature of TADs which

manifest in the ionosphere as TIDs and will be discussed in the next section.
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5.5 Discussion

Figure 5.6 displays the TOPEX and JASON-1 altimeter TEC values along the
satellite ground tracks (top panel) and the altimeter TEC as a function of ge-
ographic latitude (bottom panel) observed on 15 May (DOY 135) 2005. The
horizontal dashed line represents the geomagnetic equator. The satellites crossed
the equator at 16:01 LT (approximately 09:20 UT) at 99.9°E and 101.3°E and at
11:10 UT at 73.0°E. In the bottom panel the different coloured curves show dif-
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Figure 5.6: The top panel shows the TOPEX and JASON-1 ground tracks in
the contour plot. The ground track shown on the right represents two passes
(i.e., TOPEX and JASON-1), whereas the one shown on the left is only for the
JASON pass. The bottom panel shows TOPEX (red) and JASON (blue and
black) altimeter TEC values as a function of latitude for individual passes, and
the corresponding coloured numbers depict the longitudes where the pass crossed
the equator.
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ferent TOPEX and JASON-1 passes and the corresponding longitudes where the
crossed the equator are shown at the top left corner. The coloured vertical dashed
lines represent the geomagnetic equator of the corresponding passes. The TEC
enhancement observations displayed in Figure 5.5 are consistent with the TOPEX
and JASON-1 altimeter TEC observations seen in Figure 5.6.

Between the vertical black dashed lines (in the bottom panel) of Figure 5.6, altime-
ter TEC for all three passes display a TEC increase in the southern hemisphere.
The TEC increase is located between 22-38°S geographic (or 30-45°S geomag-
netic), which is a region where the equatorward winds drive the plasma along
the field lines to higher altitudes where recombination rates are much lower, lead-
ing to TEC enhancement. For all three passes, clear anomaly peaks occurred at
about 7.0°S, and thus the TEC increase shown between the vertical black dashed
lines may not be considered as the EIA peaks. However, the EIA asymmetry is
clearly visible (blue trace) where the EIA peaks have shifted farther away from
the geomagnetic equator in the northern hemisphere than in the southern and
also have higher TEC values. Since the TOPEX and JASON-1 altimeters measure
TEC only over the ocean, it was not possible to see the full TEC structure in the
northern hemisphere as the satellites traversed over landmass in that hemisphere.
The TOPEX/JASON-1 data not only reveal that the TEC increase seen at mid-
latitudes was not related to the expansion of the EIA, but also show that the TEC
increase was across the dayside sector. Although the TOPEX and JASON-1 data
is not from the region of ground-based measurements, the altimeter observed TEC
enhancement from both TOPEX and JASON-1 data demonstrate that the TEC-
enhanced region was not localised, but that the enhancement expanded spatially

to the region covered by ground-based observations.

The TADs features in Figure 5.5 are believed to be generated by auroral substorm
activity which causes enhanced thermospheric pressure gradients, that launch the
gravity waves which are responsible for large-scale ionospheric disturbances, prop-
agating from high to mid-latitudes (Prolss, 1993a; Pi et al., 1993; Mikhailov et al.,
1995; Ho et al., 1998). As seen in Figure 5.2, the high-latitude region experi-
enced intense substorm activity between 06:00 and 10:00 UT, which could have

been responsible for the generation the TADs and subsequent equatorward winds.
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Magnetometer Data at Syowa Station
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Figure 5.7: Horizontal component of the geomagnetic field as observed at Syowa
station in Antarctica during the 15 May 2005 storm.

The AFE index data is consistent with the H-component data observed at Syowa
station in Antarctica as shown in Figure 5.7. The H-component shows strong per-
turbations, which further supports an auroral source for the TID mechanism. At
daytime mid-latitude locations, equatorward propagating waves can cause an up-
lifting of the F2-layer by leading the ionospheric plasma along magnetic field lines
to higher altitudes where chemical loss is much lower, at a time when solar ionisa-
tion is high. This in turn leads to plasma density enhancement (Prélss, 1993a; Ho
et al., 1998; Jakowski et al., 1999). During nighttime, an uplifting of the F2-layer
by a TID does not produce a significant increase in the electron density due to low

ionisation levels and the absence of solar photo ionisation (Prélss, 1993a).

Furthermore, Figure 5.8 shows the longitudinal response of TEC at three selected
latitudes. This was done in order to get a rough estimate of the TID propagation
direction. The figure reveals that the TEC crests and troughs within each lati-
tude sector occur almost at the same time, suggesting that the TID front moved
due north towards the equator. Similar equatorward propagation was reported

for the southern hemisphere over Australia by Lynn et al. (2008). In addition, an
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Figure 5.8: Differential TEC variations on May 15, 2005 at three latitude sectors.
The plots show the longitudinal response of TEC at the selected latitude sectors.

analysis of the time delay between the peaks at the three different stations along
the 26°E longitude indicates that the structures moved with average velocities of
~438 and ~515 m/s for the first and second TIDs respectively. These velocities
are consistent with typical values for large-scale TIDs. In the literature they vary
from some 300 to over 1200 m/s (Hocke and Schlegel, 1996; Ding et al., 2007; Lynn
et al., 2008). The first TID velocity value (438 m/s) determined in this study is
consistent with observations by Dashora et al. (2009), who studied the same storm
event over equatorial stations in the Indian zone and calculated an average velocity
of ~485 m/s. Further analysis is required to determine other characteristics (such
as wavelength and period) associated with the two TIDs discussed in this chapter,
but such actions would require additional data sources which are not available for

the period under consideration.

At this point, it should be noted that the TEC enhancement profiles presented

in Figures 5.4 and 5.5 may be considered diurnal double maximum (DDM), as
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Figure 5.9: Ionospheric foF2 and hmF2 variations at Louisvale and Grahamstown
ionosonde stations on May 15, 2005. The data obtained for May 14, 2005 are used
as the quiet-day reference values (red dashed lines).

discussed by Pi et al. (1993). However, according to Pi et al. (1993), one of the
common features of DDM is that they show almost no time delay from high to
low latitudes in the TEC pattern. Also, Pi et al. (1993) point out that TIDs can
explain the DDM only if the concerns about propagation speeds and the lack of
observable time delays in effects at different latitudes are dealt with. Considering
this, the observations presented in this chapter clearly show a time delay and thus
it can be argued that the conclusion that TID effects are manifested is justified.
Furthermore, long-lasting TEC enhancements (approximately 4 hours) can be at-
tributed to the local time variation of winds and changes in the composition of
neutrals at mid-latitudes. These can cause positive storm effects to last longer in
winter if they occur while production of ionisation is still prevalent, as explained

by Buonsanto (1999). This could account for the observations shown in Figure 5.5.

Unlike the TEC enhancements observed during the geomagnetic storm, the F2-

layer critical frequency (foF2) values observed at Grahamstown and Louisvale did
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not show any obvious enhancement (see Figure 5.9). Actually, the foF2 descended
below the quiet level (May 14) during the disturbance period except between
10:00 and 13:00 UT at Louisvale. Note that data were not available for the
Madimbo ionosonde and the Hermanus ionosonde was not operational at the time.
Maruyama and Nakamura (2007) suggest that the dissimilarity between the foF2
and TEC disturbances could be a consequence of two competing effects, i.e. the
westward electric field and the equatorward neutral wind. They argue that the
equatorward neutral wind effect could be a major cause of the positive storm ef-
fects, while the composition change may gradually become effective, resulting in a
weak negative foF'2 phase in spite of the large layer uplifting, as ionospheric TEC
remains positive. The composition changes, which originate at high latitudes, can
be transported by background and storm-induced circulation changes and spread
to mid-latitudes (Fuller-Rowell et al., 1994, 2002). However, during the second
enhancement the foF2 values increased after 15:00 UT at both stations, and was
preceded by an uplifting of the F2-layer as evidenced by the F2-layer peak height
(hmF2). This response suggests that the effect may have been due to an equa-
torward neutral wind during a second TID event (Prolss, 1993a). It is important
to note that foF2 is a local quantity at the F2-layer peak height and is more
sensitive to the chemical recombination effect than TEC, which is a quantity inte-
grated along the vertical height and includes contributions from the plasmasphere

(Maruyama and Nakamura, 2007).

In contrast to the foF2 response, the hmF2 showed marked responses to the pas-
sage of the TIDs. Figure 5.9 illustrates that the hmF2 variability began to increase
shortly before 08:00 UT on May 15. On May 14, the day preceding the storm,
hmF2 had fairly low variability, but on the storm day, hmF2 steadily increased
above the quiet-day height by several tens of kilometres within one hour, rising
from an altitude of around 218 km to 370 km, between 09:00 and 10:00 UT. The
F2-layer uplift and the subsequent TEC increase can be attributed to enhanced
equatorward neutral winds, which lead plasma to higher altitudes where the re-

combination rate is low, as explained earlier.

Figure 5.10 shows AH (nT) values derived by detrending the observed horizontal

geomagnetic field using the nighttime mean values of ground-based geomagnetic
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measurements at a single magnetometer station (Addis Ababa, 0.9°N geomagnetic)
in the African sector. These values are used to estimate the equatorial electrojet
(EEJ) current, which is proportional to the east-west electric current (Anderson
et al., 2004; Yizengaw et al., 2011). A positive EEJ indicates an eastward cur-
rent or eastward electric field. The AH data were included in order to examine
whether the enhancement peaks that were observed could have been produced
by prompt-penetration electric fields. The changes in the north-south component
of the geomagnetic field reflect the east-west electric field. Figure 5.10 clearly
shows that on the storm day (red curve), the eastward current was enhanced be-
tween 03:00 and 06:15 UT, it then sharply reversed to a strong westward current
(negative AH) and was predominately westward for the next 8 hours. This indi-
cates that the equatorial electric field, which is associated with the formation of a
strong fountain effect that may transport plasma to higher latitudes, was actually
westward, according to Figure 5.10, and could not have caused a strong fountain
effect at the given longitudinal sector. These observations are consistent with the
TOPEX/JASON observations in Figure 5.6, which showed that the EIA was not

Electrojet in Africa
300 ‘ ‘ \

T T
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4 6 8 10 12 U 16 18
Time [UT hour]

Figure 5.10: AH values as derived from the ground-based magnetometer observa-
tions at an equatorial station in the African sector (Ethiopia).
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enhanced in the winter (southern) hemisphere. Therefore, the equatorial electric
field (which could be penetrated from the magnetosphere or ionospheric dynamo
generated) may not have been responsible for the observed TEC enhancements,
but that a strong westward current may have been present during the time of the
observed TEC enhancements. This supports the argument that neutral winds are

the primary cause of the TEC enhancement.

However, since there is not enough data to fully explain these observations, it is
possible that several different mechanisms could have been responsible for the ob-
served ionospheric response. Therefore, further investigations are needed to isolate

the various mechanisms associated with these observations.

5.6 Summary

The effects of the intense magnetic storm event on 15 May 2005 on the TEC and
ionosonde measurements for mid-latitude locations were analysed. There are indi-
cations that ionospheric perturbations observed during this storm were associated
with equatorward neutral winds and the passage of TIDs. The first and second
TIDs propagated with velocities of ~438 and ~515 m/s respectively. An essential
feature of these TIDs appears to be that they associated with equatorward-directed
meridional winds of moderate magnitude, which are believed to be responsible for

the generation of positive ionospheric storms at daytime mid-latitudes.

The foF2 response was characterised by a dissimilarity (i.e. different response pat-
tern) which is likely due to the competing effects of the westward electric field and
equatorward neutral wind. The F2-layer uplift as evidenced by ionosonde measure-
ments and subsequent TEC enhancement have been ascribed to the equatorward
neutral winds. In addition, this study has shown that ionospheric disturbances
can result in a highly variable TEC response over the mid-latitude regions, as seen

at several locations across South Africa.

This study has also shown that the observed TEC enhancement was not due to

the expansion of the EIA into the mid-latitude regions, as there was a strong west-
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ward current observed in the African sector. Therefore, the equatorial electric field
could not be responsible for the TEC enhancements. This supports the argument

that neutral winds are the primary cause of the enhancement of the TEC.
In the next chapter, the long-duration ionospheric storm response to the severe ge-

omagnetic storms of July 2004 are discussed. Long-duration storms are considered

as one of the major unresolved problems in ionospheric storm studies.
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Chapter 6

Long-duration positive

ionospheric storms

6.1 Introduction

Energy injection at high latitudes, which is associated with geomagnetic storms,
can result in a significant modification of the quiet-time ionospheric F-region elec-
tron density. The global electric field and atmospheric changes produced by these
disturbances can cause an increase or decrease in the electron density (Fuller-
Rowell et al., 1994; Prolss, 1995; Buonsanto, 1999; Mendillo, 2006).

As discussed in Section 4.4, positive ionospheric storms display a wide range of
characteristics. The purpose of this chapter is to report on the investigation into
some of the observed characteristics of the ionosphere in response to the geomag-
netic storm events of 24 to 27 July 2004. Using a multi-instrument approach
the interplanetary conditions and the global ionospheric TEC response were in-
vestigated, before closely examining the response over South Africa. This report
particularly focuses on the long-duration (more than 6 hours of enhancement)

positive storm effects observed on 25 and 27 July 2004.

6.2 The 24-27 July 2004 geomagnetic storm events

The period prior to the geomagnetic storm event was characterised by a series of

weak CMEs. The first geomagnetic storm began hours after a weak CME hit the
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Earth’s magnetic field on 24 July and continued, fitfully, for more than 12 hours.
Figure 6.1 illustrates the interplanetary conditions during the storm period. The
top three panels display the interplanetary parameters observed by the ACE satel-
lite. The panels display, from top to bottom, the solar wind speed (Vsw), proton
density (Np) and the IMF Bz-component in GSM coordinates. The corresponding
ring current activity as manifested by the symmetric ring current index SY M-H
(blue curve, one-minute equivalent of the Dst index) and the three-hourly Kp
index (bars) are plotted in the bottom panel of Figure 6.1. The SY M-H data,
which are promptly provided by the World Data Centre in Kyoto, Japan, show
that the geomagnetic storm events started on 24 July and had two extended main
phases on 25 and 27 July. The first SSC, as indicated by the vertical dashed line in
Figure 6.1, occurred just after 05:35 UT on 24 July, when the SY M-H gradually

decreased as the storm developed. The storm reached its long-lasting main phase
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Figure 6.1: The interplanetary and geomagnetic variations on 24-27 July 2004.
From top to bottom, the panels display the solar wind speed (Vsw), proton density
(Np) and the IMF Bz-component. The SY M-H (blue curve) and Kp indices are
displayed in the bottom panel as overlay plots. The vertical dashed lines (red)
indicate the times of the two SSCs.
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with a minimum SY M-H of —171 nT occurring around 16:00 UT on 25 July.
The second SSC occurred at ~22:45 UT on 26 July during the recovery phase
of the first storm. The SY M-H steadily decreased to —120 nT at around 02:00
UT on 27 July, and then increased to the pre-storm levels, before steadily decreas-
ing again. A minimum SY M-H of —215 nT was reached at ~13:30 UT on 27 July.

The first shock arrival, identified by the abrupt increase of the solar wind speed
from ~500 km/s to ~600 km/s, occurred at 05:35 UT on 24 July. The IMF
Bz-component turned northward and stayed predominately northward until about
11:00 UT when it turned southward for an hour and then turned sharply north-
ward again (turning from about —15 to +24 nT in less than 25 minutes). The
Bz-component then fluctuated between south and north for the next 8 hours. At
21:00 UT on 24 July, Bz turned southward and remained southward with a ma-
jor negative excursion for over fifteen hours. Other solar wind parameters also
responded to the shock with notable increases. The second shock arrived at 21:27
UT on 26 July, with the solar wind speed initially increasing from ~600 km/s to
~920 km/s, before reaching its maximum observed value of 1027 km/s almost 3
hours later. The IMF Bz turned southward and fluctuated between north and
south for nearly 4 hours, before turning sharply northward. At about 04:30 UT on
27 July, Bz turned southward and remained southward for most of the following
eleven hours. The solar wind proton density only increased slightly in response to
the second shock arrival. However, the proton density eventually increased to ~20

cm ™3 about six hours after the shock arrival.

6.3 Data and methods

Nowadays, GPS satellite signals are not only used for navigation, but also offer
opportunities for ionospheric research. The global availability of GPS signals cre-
ates a unique opportunity for the ionospheric community to monitor the TEC at
any dual-frequency GPS ground station on the globe. To get a clear picture of
the global evolution of the storm, global GPS TEC maps readily provided by the
MIT Haystack Observatory via the Madrigal database were employed. Detailed
information about the data processing methods used to obtain the observations
by ground-based GPS TEC is provided by Rideout and Coster (2006). The vari-
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ation of the ionospheric electron density as inferred from the vertical TEC values
is discussed by Coster et al. (2003).

Differential TEC (ATEC) values were used in this investigation for all GPS-derived
TEC measurements (including TEC maps), because the main interest was the
level of the storm-induced perturbations. These values were obtained by taking
the difference between the observed TEC on the storm-day and the quiet-time
mean for 18-21 July. This process is defined by equation (5.1). However, it is
important to note that in this case, the mean values are used instead of the median
values as defined in the equation. This is in-line with the madrigal practice. For
the regional TEC data over South Africa, three stations were used: Langebaan
(LGBN), Kimberley (KLEY), and Graaff Reinet (GRNT). It should be mentioned
here that during the period under investigation (2004) only a small number of
GPS receiver stations had been installed, and that data were not available from
some of these stations. Also, most of the stations were only operational between
03:00 and 18:00 UT.

6.4 Results

Figure 6.2 displays the global differential GPS-derived TEC response to the ge-
omagnetic storm on 25 July. The TEC was plotted for a fixed local time (at
each station) to see how the storm produces the same signature at the same local
time across the globe. Both positive and negative storm effects can be seen at
low to mid-latitudes. However, this study is confined to the observation of storm-
time enhancement in TEC during daytime, because the focus is on establishing
the mechanisms responsible for the development of daytime positive storm effects.
Enhancement in excess of 50 TECU was observed with respect to the quiet-time
reference. The colour code was saturated at 6 TECU for better visualisation of
the storm response. The enhancement was first observed over the eastern coast
of Australia, the Pacific Ocean and American regions in the early morning. The
enhancement was later seen over the Indian Ocean and Africa as these regions ro-
tated into the daytime sector. Strong TEC enhancement was seen in the southern
hemisphere in the Australian, Indian Ocean and African sectors during most of

the day. The TEC observations revealed a hemispherical asymmetry with much of
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Figure 6.2: Differential ground-based GPS TEC between the storm day on 25
July and the quiet-time mean on 18-21 July from 07:00-18:00 local time. The
maximum TEC enhancement exceeded 50 TECU during this period; the colour
code was saturated at 6 TECU in order to better visualise the storm response.

the increase in TEC extending to higher mid-latitudes in the southern hemisphere.
TEC enhancement in the northern hemisphere over Europe and Asia was only seen
after 09:00 UT (apart from a few patches of enhancement). Figure 6.3 displays
the ionospheric TEC response during the disturbance on 27 July. The response
is similar to that observed on 25 July in that much of the TEC enhancement is
concentrated in the southern hemisphere. Also, the enhancement rotates into the
daytime sectors. It is important to note that the daytime TEC enhancement per-
sisted for over 7 hours on both days, and can thus be classified as long-duration

positive storm effects, according to Prolss (1997).
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Figure 6.3: Same as Figure 6.2, but for the storm response on 27 July.

To further examine the large ionospheric TEC enhancements, Figure 6.4 shows
the DMSP F15 ion drift observations during the orbits on (a) July 25 and (b)
July 20. The top three panels show the DMSP F15 drift velocities and the bottom
panels show the ion density. Figure 6.4a shows a sharp rise in density between
79.79 - 63.13°S MLAT and 159.78 - 141.83 GLON, while Figure 6.4b shows the
quiet-day DMSP F15 observations, which do not reveal any similar sharp density
enhancement. The drift measurements during the disturbed period (Figure 6.4a)
show strong upward velocities in the mid-latitude region with a maximum at about

65°S geographic latitude.

Figure 6.5 displays the vertical TEC measurements obtained from the TOPEX
and JASON-1 altimeters. It is evident from this figure that the TEC was in excess
of 60 TECU, with the density being higher in the southern hemisphere than in
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Figure 6.4: (a) DMSP F15 measurements during the storm on 25 July 2004 and
(b) the quiet-day values on 20 July 2004. The top three panels show the DMSP
drift velocities and the bottom panels show the ion densities.

the northern hemisphere. The altimeter TEC measurements also show that the
EIA extended into the lower mid-latitudes on 25 July, but was restricted to within
+15° GLAT on 27 July. Furthermore, it is worth noting that there was some TEC
increase within the 40 - 60°S GLAT. A comparison of the TOPEX/JASON-1 al-
timeter TEC readings for the quiet-day is provided in Figure 6.6.

The variation of ionospheric vertical TEC at selected ground-based GPS receiver
stations across South Africa on 25 and 27 July is shown in Figure 6.7 (top panels).
The temporal differential TEC values, which allow for a better visualisation of the
accompanying storm-time deviation of the TEC from the background values, are
shown in the bottom panels. All three stations exhibit significant positive storm
effects. As is evident, the enhancement on 25 July (40 TECU) was much larger
than that observed on 27 July (about 22 TECU). However, the positive storm

enhancement on 25 and 27 July lasted over 9 and 7 hours respectively.
Ionospheric perturbations driven by disturbance winds and electric fields cause

changes in the F-region electron density distribution. In addition to the regional

TEC observations, Figure 6.8a displays the ionospheric F2-layer response as mea-
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Figure 6.5: TOPEX/JASON-1 altimeter TEC on 25 (left) and 27 (right) July
2004. Ionospheric TEC measurements in excess of 60 TECU were observed, with
much of the increase observed in the southern hemisphere.
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showing no large mid-latitude TEC increase. Images courtesy of E. Yizengaw.
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Figure 6.7: Ionospheric vertical TEC variations over selected ground-based GPS
receiver stations in South Africa on 25 and 27 July. The top two panels display
the observed TEC and the bottom panels display the TEC with the quiet-day
subtracted. The mean values were determined for the geomagnetically quiet-days
on 18-21 July 2004.

sured by ionosondes at Grahamstown and Madimbo, South Africa. The top panel
shows the auroral electrojet index (AFE), and the middle and bottom panels show
the foF2 and hmF2 values at the two ionosonde stations. Figure 6.8b shows the
differential foF2 and hmF2 values. The AF index, a useful proxy for the solar
wind energy input into the magnetosphere, reveals that there appeared to be mag-
netic activity continuously on 25 and 27 July, with the most severe activity being
registered on 27 July when the AE exceeded 3500 nT. The SY M-H index (Fig-
ure 6.1) identified a +60 nT SSC at 22:45 UT on 26 July followed by a rapid main
phase decrease to about —130 nT. These changes were accompanied by a sudden
increase in the AE index which denotes the onset of a substorm. This is indicative
of a strong compression of the magnetopause, followed by a rapid increase in the
strength of the magnetospheric ring current. Unlike the values on 24-26 July, on 27

July the foF2 increase to above the quiet-day reference was seen only at Madimbo
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and not at Grahamstown even though the largest ionospheric F2-layer peak height
(hmF2) increase was measured over Grahamstown. The hmF2 parameter on 24

and 26 July did not show significant increase compared to the other two days.
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Figure 6.8: (a) The AE index (top panel), ionospheric foF2 (blue +) and hmF2
(overlay black solid line) variations (middle and bottom panels) at Grahamstown
and Madimbo ionosonde stations on 24-27 July 2004. The average foF2 and hmF2
values for 18-21 July were used for the quiet-day reference values (red * curves).
(b) The relative deviation in foF2 and hmF2 was determined by calculating the
difference between the observed values and quiet-day mean values.
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6.5 Discussion

Enhanced dissipation of solar wind energy identified by the rise in magnetic activity
can lead to large-scale (global) perturbation of the ionosphere. Figures 6.2, 6.3 and
6.5 illustrate that the morphology of this perturbation is not uniform. Both global
TEC maps and TEC measurements by the TOPEX/JASON-1 altimeter show that
the positive storm effects extended into the mid-latitudes, but that the largest en-
hancement was restricted to the EIA crest regions. The observations also indicate
that the EIA asymmetry was broader and of higher density in the southern (win-
ter) hemisphere than in the northern (summer) hemisphere. According to current
understanding (Yizengaw et al., 2005b, and references therein), the EIA peak is
expected to be higher in the winter hemisphere due to the summer-to-winter trans-
equatorial neutral winds that drive the plasma to the winter hemisphere across the
equator. However, during severe magnetic storms, this expected pattern is some-
times over-turned and the unusual response of an EIA of a much higher density
in the summer hemisphere than in the winter hemisphere is observed (Yizengaw
et al., 2005b). Such occurrences emphasise the complex nature of ionospheric dy-
namics and their variability from one storm event to another. In addition, the
TOPEX/JASON-1 altimeter measurements reveal that the EIA moved into the
lower mid-latitudes on 25 July, but was restricted to the +15° geomagnetic lati-
tude on 27 July. The efficiency of energy transfer at high latitudes cannot be ruled

out as a possible cause for these differences. This will be discussed below.

The TOPEX/JASON-1 altimeter TEC also indicates that the southern mid-latitudes
had formed an enhanced daytime plasma density peak between 40 - 60°S geo-
graphic latitudes. The TEC enhancement feature could be attributed to mid-
latitude particle precipitation. This argument is supported by DMSP F13 ob-
servations shown in Figure 6.9. The DMSP F13 spectrograph plot (Figure 6.9a)
confirms the presence of particle precipitation over the mid-latitude regions ex-
tending equatorwards to 40°S geographic latitude on 25 July. Figure 6.9b is the
quiet-time comparison over the same region and time pertaining to 20 July show-

ing no precipitation activity. Auroral energetic particle intensity may increase
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Figure 6.9: (a) DMSP F13 spectrograph for July 25 showing particle precipitation

within the mid-latitudes between 40 - 60°S geographic latitude; (b) quiet-time
spectrograph for July 20 showing no precipitation. For the same region.
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by several orders of magnitude during geomagnetic storms and substorms, a case
which may result in an increase of electron concentration in the region engulfed
by the auroral oval (Yizengaw et al., 2005a; Pedatella et al., 2009).

Ionosonde measurements from two stations in South Africa revealed that the rise
of the F2-layer (hmF2) was accompanied by an enhancement in foF2. In response
to the prolonged high geomagnetic activity in the high latitudes on the two days
(see AFE index data), the F2-layer critical frequency foF2, which is directly pro-
portional to the electron density according to equation (3.4), remained elevated
for more than 7 hours. The electron density increase may be attributed to the in-
crease in the height of the F2-layer. The average height of the maximum electron
density increased by more than 60 km on 25 and 27 July, with the largest height
increase of ~100 km over Grahamstown on 27 July. The storm-time perturba-
tion in hmF2 and the increase in ionospheric foF2 can be associated with changes
in large-scale wind circulation and equatorward neutral winds (Prolss, 1997). It
should be recognized that positive storms are dominant in the winter hemisphere,
while negative storms prevail in the summer hemisphere. This is attributed to the
prevailing summer-to-winter circulation, where the poleward winds restrict the
equatorward movement of the composition disturbance in the winter hemisphere
(Fuller-Rowell et al., 1996; Buonsanto, 1999). This leads to a decrease of molecu-
lar constituents and produces a positive storm effect. The markedly positive foF2
response observed on 24-26 July was different from the foF2 response seen at Gra-
hamstown on 27 July (Figure 6.8b), despite the large increase in hmF?2 observed at
this station. The 27 July response was without a clear positive storm-type effect.
This could be related to the expansion of the EIA into lower mid-latitudes, which
would only affect observations at Madimbo, but not at Grahamstown. According
to Huang and Foster (2005), an enhanced EIA can give rise to F-region electron
density enhancements at lower mid-latitudes (such as Madimbo), but may not be

sufficient to cause similar enhancements at higher mid-latitudes like Grahamstown.

Two primary mechanisms have been put forward to explain the long-lasting pos-
itive storm effects: downwelling of neutral atomic oxygen (O) or uplifting of the
F2-layer due to enhanced winds (see review by Buonsanto, 1999). The down-

welling theory suggests that the large-scale changes in thermospheric circulation
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cause a downwelling (negative vertical velocity) of the neutral species through
constant pressure surfaces at low to mid-latitudes equatorward of the composition
disturbance zone, thereby increasing the [O] density relative to [Ny] and [O4], i.e.
increasing the [O/Ny] and [O/O4] ratios (Fuller-Rowell et al., 1997; Rishbeth, 1998;
Buonsanto, 1999, and references therein). The consequence of this action is an in-
crease in the daytime F-region electron density. By contrast, the wind mechanism,
which is an extension of the TAD theory, proposes that enhanced equatorward
winds uplift the ionisation to higher altitudes where the loss rate is low, at a time
when production is still prominent, and leads to an increase in the electron den-
sity (Prolss, 1997; Bauske and Prolss, 1997). However, both of these mechanisms
depend on large-scale changes in thermospheric circulation, accompanied by re-
duced poleward winds and enhanced equatorward winds to sustain uplifting of the
ionospheric F-region (Prolss et al., 1991; Buonsanto, 1999). These processes may

in turn be driven by sustained heating in the high-latitude regions.

The present results establish that the most dramatic enhancements were recorded
on 25 July during the main phase of the first storm (Figure 6.1) when the IMF
Bz-component was southward for an extended time period (more than 15 hours).
It is probable that the extended IMF Bz southward orientation on this day could
have caused thermospheric and ionospheric disturbance for longer time periods,
hence resulting in long-duration storm effects. For sustained high-level magnetic
disturbances, the continuing high energy input may lead to prolonged changes in
the global wind circulation (Proélss, 1993b, 1997; Bauske and Prolss, 1997, and
references therein). These changes are driven by temperature gradients between
the auroral region and the lower latitudes (Prélss and Jung, 1978, and references
therein). During the daytime, the poleward-directed winds may decrease or even
reverse, causing a sustained uplifting of the ionospheric F2-layer, a condition which
then leads to the development of long-duration positive storm effects. The total
duration of the positive storm phase depends not only on the duration of the

magnetic activity, but also on competing processes responsible for negative storm

effects (Prolss et al., 1991).

Contrary to the 25 July response, the IMF Bz did not stay predominately south-

ward on 27 July even though observations show that the geomagnetic activity was
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more disturbed on 27 July, but instead it fluctuated between north and south, then
remained southward after 07:00 UT for about 9 hours. The IMF Bz response is
consistent with the SY M-H response on 27 July which experienced three partial
recovery phases. The energy transfer from the solar wind to the magnetosphere is
more efficient during periods of strong southward IMF Bz (Tsurusani and Gonza-
lez, 1995; Lopez et al., 2004). This could be the reason for a larger enhancement
and broader EIA seen on 25 July when the IMF Bz southward orientation was

sustained for a much longer period than on 27 July.

A closer inspection of Figure 6.7 reveals that the TEC response had two peaks on
27 July. These peaks could be related to the two intense isolated bursts of substorm
activity observed on the AF index data. The peaks could be associated with TAD
events at the high latitudes (considering a propagation delay of ~2 hours). A ma-
jor feature of TAD events is their apparent association with equatorward-directed
meridional winds of moderate magnitude. These are considered responsible for
the generation of positive ionospheric storms at daytime mid-latitudes. In their
simulation of long-duration positive storm effects, Bauske and Prolss (1998) show
that wind perturbations are more important than composition changes in the gen-
eration of these storm effects. According to Prolss (1993a) and Bauske and Prolss
(1997), the magnetic activity which follows an initial substorm may temporarily
subside, and any new burst of activity may generate another TAD. The second
TAD may then be responsible for the development of a second positive storm
effect. Equatorward disturbance winds that can uplift the F-region plasma are
widely accepted as a cause of the observed upward motion of the F2-layer plasma
(Prolss et al., 1991). However, in this case, the time changes in the large-scale
wind circulation are still needed to maintain the upward movement of plasma for
a long-duration positive storm effect (Prolss et al., 1991; Prolss, 1997). Prolss
(1997) explains that the high pressure areas in the polar regions decrease the in-
tensity of the poleward-directed wind in the daytime, a condition which allows for

a more ‘regular’ build-up of plasma density.
Some recent studies consider the action of eastward prompt-penetration electric

fields as a possible mechanism to explain the long-duration positive storm effects
(see Huang et al., 2005; Pedatella et al., 2009). An enhanced eastward electric
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field can uplift low-latitude plasma due to E x B drift, so that more plasma is
available at higher altitudes where recombination rates are lower, while solar ioni-
sation continues to generate additional plasma. Furthermore, such an electric field
also leads to the enhancement of the EIA peaks which may be shifted to the lower
mid-latitudes (Tsurutani et al., 2004; Huang and Foster, 2005).

The long-duration positive storm effects presented in this thesis were characterised
by enhanced ionospheric densities that persisted only during the daytime. Huang
et al. (2005) using the Millstone Hill incoherent scatter radar, observed a simi-
lar significant daytime mid-latitude F-region electron density increase during the
main phase of the storm on 3 April 2004. The electron density increase started
immediately after the SSC in the morning sector (09:12 LT at Millstone Hill),
and lasted over 10 hours. The cause of the long-duration electron density increase
was associated with an enhanced eastward electric field over the entire positive
storm phase, and a possible contribution from changes of the neutral circulation.
Huang et al. (2005) showed that there were no strong equatorward neutral winds
during the daytime, and that the associated poleward wind was reduced during
the storm. Since the storm-associated atmospheric disturbances are equatorward,
they compete with the prevailing poleward circulation (Fuller-Rowell et al., 1994),
which acts by moving the mid-latitude ionospheric plasma downward. The higher
recombination rates at these lower altitudes then lead to a decrease of plasma.
However, a reduced or reversed poleward wind reduces the recombination rates,
because the plasma is moved to higher altitudes (Prolss, 1997; Buonsanto, 1999).
When these features combine, i.e. an enhanced eastward electric field and reduced
or reversed poleward winds, the nett effect is an increase in the electron density
of the dayside ionosphere at the time when photoionisation is still prevalent. This
creates a condition for the regular build-up of plasma and consequently leads to

the long-duration storm effects.

Contrary to the present observations and those reported by Huang et al. (2005)
in their study of the ionospheric response during the storm on 15 December 2005,
Pedatella et al. (2009) report electron density enhancement before the dusk hours
that persist even beyond midnight. These authors attribute their observation to

the effect of an enhanced eastward electric field and equatorward neutral winds.
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The difference between the observations by Pedatella et al. (2009) and the present
observations could probably be explained by the local time dependence of the
ionospheric storm effects, which could be related to different driving mechanisms
(Prolss, 1993b). It is generally accepted that the effects of a positive storm phase,
driven by winds before dusk, may rotate into the nightside (Fuller-Rowell et al.,
1994). However, the main phases of the storms discussed here intensified mostly
during the dawn hours and persisted during the daytime, as established in Fig-
ure 6.1. This ensured that energy was continuously fed into the ionosphere during
the daytime when production was still prevalent, leading to the prolonged distur-

bances.

It is generally expected that the spontaneous action of a penetration electric field
should be characterised by a simultaneous response from middle to equatorial lat-
itudes. It can thus be concluded from the observations presented in this chapter
that enhanced eastward penetration electric fields may not be the primary mech-
anism producing the long-duration TEC enhancement. On the other hand, the
action of the disturbance dynamo electric field is to oppose the normal diurnal
variation with downward plasma drifts, since it is westward on the dayside, thus
causing a reduction in the electron density and suppression of the EIA (Fuller-
Rowell et al., 2002; Tsurutani et al., 2004). However, the dynamo electric fields
can cause an upward plasma drift, which uplifts the F2-layer on the nightside
and an enhanced EIA, as reported by Fuller-Rowell et al. (2002). In addition,
plasma exchange between the ionosphere and the plasmasphere has been put for-
ward as one of the possible explanations for the long-duration positive storm effects
(Pedatella et al., 2009, and references therein). It has been argued that enhanced
magnetospheric electric fields during geomagnetic disturbances can cause the outer
plasmasphere to convect and be refilled due to ionospheric upflow. The resulting
vertical distribution of plasma produces a decrease in the rate of loss of plasma,
and thereby a relative enhancement in electron density as compared to the quiet-

time.
However, since there are no direct observations of the proposed mechanisms for

the positive storm effects, it is likely that more than one mechanism could be re-

sponsible for the observed density enhancements seen on the two days that were
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investigated. Therefore, more observations are necessary to distinguish between
the various mechanisms that cause long-duration positive storm effects, as sug-
gested by Buonsanto (1999).

6.6 Summary

Ionospheric storms are a manifestation of extreme forms of space weather, and can
have a detrimental impact on the reliability of space and ground-based technolog-
ical systems. In this chapter the ionospheric response to the geomagnetic storm
events on 24-27 July 2004 was investigated. It was noted that the positive storm
enhancement on 25 and 27 July lasted over 9 and 7 hours respectively, and both

have been classified as long-duration positive storm effects.

In addition, both global TEC maps and the TOPEX/JASON-1 altimeter TEC
showed that the plasma density enhancement of the EIA asymmetry was larger
in the southern (winter) hemisphere than in the northern (summer) hemisphere.
This has been attributed to the summer-to-winter trans-equatorial neutral winds
that move the plasma density to the winter hemisphere across the equator. Fur-
thermore, the TOPEX/JASON-1 altimeter TEC showed an enhanced daytime
plasma density peak between 40-60°S geographic latitude. This enhancement fea-
ture could be related to mid-latitude particle precipitation, as was confirmed by
the DMSP F13 spectrograph plots.

Ionosonde measurements from two stations in South Africa revealed that the hmF2
height rise was accompanied by an enhancement of foF2. The AFE index expe-
rienced dramatic sustained enhancement during this geomagnetic storm period.
This ensured that a large amount of energy was continuously being injected into
the high-latitude region due to Joule heating and particle energy injection. The
sustained enhanced energy input to the ionosphere is possibly the cause for the
prolonged ionospheric disturbances. It has been suggested that the long-duration
positive storm phases observed here could have been caused by large-scale wind
circulation and equatorward neutral winds. These processes were in turn prob-
ably driven mainly by enhanced and sustained energy input in the high-latitude

ionosphere. This is evidenced by the prolonged high-level geomagnetic activity
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observed on both 25 and 27 July 2004

However, it is probable that other mechanisms may have played a role in produc-
ing the observed density enhancements, as there has been no direct observations
of the proposed mechanisms. Therefore, more observations are required in order

to distinguish between the different mechanisms.

Even more than 80 years after discovery, ionospheric storms are still a fascinating
and challenging topic of upper atmospheric physics since many aspects of this strik-
ing phenomenon are still not well understood (Prolss, 1995; Burns et al., 2007; Pe-
datella et al., 2009; Ngwira et al., 2011b). This is especially true for long-duration
positive ionospheric storms, which are tabled as one of the major unresolved prob-
lems of ionospheric storms in reviews by Prolss (1997) and Buonsanto (1999), and
even more recently by Burns et al. (2007). This thesis has shown that sustained
energy injection in the high latitudes plays an important role in the development
of long-duration positive ionospheric storm effects. Therefore, long-lived geomag-
netic disturbances are of particular importance to the ionospheric community as
they lead to significant modification of the F-region electron density over large

scales, which can last for many hours or days (Huang et al., 2005).
An investigation on ionospheric scintillation observed over a high-latitude Antarc-

tic station during solar minimum is presented in the next chapter, and some of the

challenges encountered during the initial investigation are also discussed.
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Chapter 7

Ionospheric scintillation over

Antarctica

7.1 Introduction

This chapter is concerned with the investigation of the occurrence of ionospheric
scintillation at the high-latitude South African Antarctic polar research station
(SANAE-1V) during the period of the extended solar cycle 23 minimum. In ad-
dition, this chapter also highlights some of the challenges that were encountered

during the preliminary investigation.

The ionosphere is of practical importance for navigation systems and satellite com-
munication because of its influence on the propagation of trans-ionospheric radio
waves. lonospheric scintillation, which is associated with the presence of plasma
density irregularity structures in the ionosphere, can cause fading and phase vari-
ation of L-band navigation signals such as those used by GPS. A number of scin-
tillation studies have been conducted in high-latitude regions, particularly at GPS
frequencies (Erukhimov et al., 1994; Aarons, 1997; Basu et al., 1998; Doherty et al.,
2000; Smith et al., 2008, and references therein). During solar maximum, high-
latitude scintillation events are frequently observed in association with increased
geomagnetic disturbances, but are rarely observed during solar minimum when
geomagnetic activity is low (Basu et al., 1988; Aarons et al., 1995; Basu et al.,
1993). The auroral oval expands both equatorwards and polewards under dis-

turbed geomagnetic conditions and contracts under quiet geomagnetic conditions.
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It is associated with irregularities in the auroral region (irregularity oval).

7.2 Preliminary investigation

As highlighted in Section 1.2, the principal goal of the initial research project was
to investigate the occurrence of ionospheric irregularities in the mid-latitude re-
gion using scintillation data recorded by GISTM receivers at Marion and Gough
Islands. Scintillation data from a high-latitude station in Antarctica was included
for comparison. However, due to unforeseen problems encountered during the
preliminary investigation, the primary data recorded on the two mid-latitude in-

struments could not be used, as will be discussed.

After installation the two mid-latitude receivers recorded data for nearly two years.
During the preliminary investigation, at some random time intervals, the receivers
(independently) observed moderate to severe phase scintillation which were not
consistent with expected scintillation observations. Such observations will be re-
ferred to as “false” or “anomalous” scintillation. Figure 7.1 shows an example
of such observations recorded at Marion Island on 22 December 2007. Given
that satellites are unevenly distributed throughout space, it would be expected
that individual satellite signals experience scintillation events at different times
as the signal path encounters the irregularity structures. But as highlighted in
Figure 7.1b, the anomalous observations on a number of satellite signals appear
to have the same profile and level of phase scintillation at the same time. This
is irregular and implies that all the affected satellite signals enter the irregularity

structures at the same time irrespective of their position in space.

The only logical explanation for observations of this nature is that the scintilla-
tion is simultaneously induced by the source mechanism(s). After investigation it
turned out that the antennas of the two mid-latitude receivers had been installed
on buildings that were subject to vibration. Vibration or antenna movement may
be produced by strong winds or by structurally-transmitted movement elsewhere,
such as seismic activity. These vibrations in turn can induce the anomalous phase

scintillation. According to A. J. Van Dierendonck (personal communication), the
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Figure 7.1: Anomalous scintillation observations recorded at Marion Island on 22
December 2007. (a) All available satellites and (b) selected satellites.

crystal oscillator on the modified GSV4004B GISTM receivers may be affected by

vibrations, which can manifest in

the form of identical phase scintillations on all

channels irrespective of the location of the ray paths of the visible satellites in an

absence of accompanying amplitude scintillation (Figure 7.1). In order to address

this problem, the two antennas were moved in 2010 and subsequently mounted on

solid rock-mounted structures. Improved quality data is now guaranteed.
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The scintillation data collected by the Antarctic station receiver, however, proved
to be reliable, and scintillation observations for three particular days with fairly
low to moderate magnetic activity are presented and discussed in the rest of this
chapter. The dates of these events are 28 April 2007, 24 May 2007 and 9 March
2008, with an average Dst index of -31, -42 and -12 n'T respectively for the hourly
periods under consideration. The monthly mean sunspot numbers for the months
of these events were typically in the range of 3.4 to 11.7 during the extended solar
cycle 23 minimum period. Figure 7.2 shows the location of the SANAE-IV station
(MLAT 66°S, L-shell 4.41), relative to other stations in the Antarctic region. It
is worth noting that only satellite signals with ray paths above 30° elevation were

considered in order to minimise the effects of multipath.

_330° 30°

‘,C%nco‘r'd' (Dome C)
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>
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Figure 7.2: Map of Antarctic showing the location of SANAE-IV relative to other
stations.

240°
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7.3 Results

This section presents observations of phase scintillation (o,) at SANAE-IV and
focuses only on three days that had significant levels of o4 during the period from
December 2006 to December 2008. In all the cases considered, the S, index values
did not exceed 0.2. It is commonly accepted that at high latitudes GPS scin-
tillation receivers record high o4 in the presence of low Sy (Kersley et al., 1995;
Doherty et al., 2000; Forte, 2005). Doherty et al. (2000) investigated auroral scin-
tillation over Fairbanks, Alaska, for a near solar maximum period and found that
there was frequent phase scintillation activity with negligible amplitude scintilla-
tion. The occurrence of phase without amplitude scintillation indicates that most
of the scintillation was caused by the presence of large-scale structures, i.e. arising
from irregularities above the Fresnel length with scale-sizes of few tens of kilome-
tres at GPS frequencies (Yeh and Liu, 1982; Kersley et al., 1995). On the other
hand, observations of amplitude scintillation are dominated by the effect of irreg-
ularities with a scale-size approximately near the Fresnel scale length, which are

typically of the order of several hundred meters to a kilometre (Aarons et al., 1997).

By contrast, recent works suggest that the occurrence of high o, in the presence
of low Sy could be attributed to improper data detrending methods (Forte and
Radicella, 2002; Forte, 2005; Beach, 2006). It has been argued that the o, in-
dex is sensitive to data detrending (Forte and Radicella, 2002). Forte (2005) and
Beach (2006) show that failure to adequately take irregularity dynamics into con-
sideration may result in false conclusions, as discussed in Section 3.4.2. However,
the full details of these arguments are outside the scope of this thesis work, and
interested readers may consult the provided references for more details. Never-
theless, it is necessary to note that the general expectation is that the intensity
and frequency of scintillation events decrease during years of low solar flux (solar

minimum phase), for both amplitude and phase type events.

Figure 7.3 shows the detrended horizontal magnetic field H-component (AH), the
30 MHz riometer absorption and o, observations. The o, was observed on signals
transmitted by three GPS satellites: PRN 9, 18 and 22 during the period 00:00 to
04:00 UT on 28 April 2007 (22:14 to 02:15 corrected magnetic local time, MLT).
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Figure 7.3: Magnetometer horizontal magnetic field AH (top) and 30 MHz riome-
ter absorption measurements (middle). The bottom panel shows 1-minute phase
scintillation observed on the signals from three GPS satellites ‘PRN 9, 18 and 22’.
All observations were recorded at SANAE-IV station on April 28, 2007.

These were the only satellites visible with o4 above 0.4 radians. The first event
was observed on PRN 9 and the maximum phase scintillation value of 1.27 radians
was recorded on PRN 18. Note that PRN 18 and PRN 22 simultaneously recorded
a peak in scintillation activity at 01:30 UT (23:43 MLT on 27 April). With respect
to the receiver, these satellites are basically all within an azimuthal range of a 60°
degree view of the sky and signals from them could have been affected by the
same irregularity structures. This is because the spatial and temporal extent of
irregularities can be much greater in the auroral regions than in other regions as
discussed by Doherty et al. (1994).

Recordings of phase scintillation as depicted in Figure 7.4 (bottom) were observed
from 23 May to 24 May, 2007. The affected signals were transmitted by the three
GPS satellites PRN 9, 18 and 22 between 23:00 UT on 23 May and 02:00 UT on
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Figure 7.4: Same as Figure 7.3, but showing observations for the period between
23:00 UT on May 23 and 01:30 UT on May 24, 2007.

24 May (21:15 MLT 23 May to 01:30 MLT on 24 May). The highest level of phase
scintillation (o4 = 0.90 radians) was observed on the signal from PRN 22. The
o4 level on the PRN 22 signal peaked just after midnight MLT with another peak
about 30 minutes later when the satellite passed from higher to lower elevation

angles. Three distinct scintillation peaks were observed during the pass of PRN 9.

On March 9, 2008, significant o, activity was recorded on four GPS satellite sig-
nals between 04:30 and 07:00 UT (02:45 to 05:17 MLT) as illustrated in Figure 7.5.
Peak scintillation activity occurred at different times on the signals of the selected
satellites. The first significant event (04 = 0.5 radians) on this day was observed
on PRN 22 around 04:20 UT (02:35 MLT) and the highest recording of 1.92 ra-
dians ocurred about 15 minutes later on the signal from the same satellite. Two
scintillation peaks were observed on the signal transmitted by PRN 1 at about
06:25 UT and shortly after 06:30 UT during the recovery phase of the geomag-

netic disturbance. In comparison to the other two days, the o4 levels observed on
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Figure 7.5: Comparison of horizontal magnetic field AH (top), 30 MHz riometer
absorption and 30 MHz riometer signal intensity measurements (middle) observed
on March 9, 2008. The corresponding 1-minute phase scintillation recorded on
signals from four GPS satellites are shown in the bottom panel.

March 9 were significantly higher.

7.4 Discussion

At high latitudes scintillation is frequently observed during magnetically disturbed
conditions. The response is associated with an influx of high energy particles that
gain entry into the Earth’s polar cap regions when the solar wind IMF couples
with the Earth’s magnetic field. This leads to production of the visible aurora and
to ionospheric irregularities which are responsible for scintillation (Kersley et al.,
1988; Aarons et al., 1995; Doherty et al., 2000).

Figure 7.3 clearly shows that the high riometer absorption, in conjunction with

a fall to -500 nT in the H-field, corresponds to the time that scintillation was

120



7.4 CHAPTER 7. IONOSPHERIC SCINTILLATION OVER ANTARCTICA

observed over SANAE-IV on April 28. The scintillation events occurred around
midnight MLT and appear to have been triggered by substorm activity before the
main phase of the storm. Increased riometer absorption is a manifestation of en-
hanced ionisation in the D- and E-layers of the high-latitude ionosphere which is
associated with auroral electron precipitation. Precipitation is characterised by
high energy particles (from ~500 eV to 20 keV) which produce ionisation at lower
heights (D- and E-region) and low energy particles (from ~50 to few hundred eV)
which produce ionisation in the F-region (see Aarons et al., 1997; Kintner et al.,
2002, and references therein). In Figure 7.4 the peak in absorption at 00:00 UT
(22:22 MLT) is attributed to substorm activity. The peak in absorption at about
00:30 UT (22:50 MLT) is during the main phase of the storm when the H-field
decreased to -365 nT. Both these cases confirm the double peak in scintillation
noted in Figure 7.4. Note that even though the second absorption event at 00:30
UT exhibited absorption of 2.5 dB more than that at 00:00 UT, the scintillation

levels in both cases are approximately the same.

Furthermore, in Figure 7.4 the peak in absorption and scintillation seen around
00:00 UT (22:22 MLT near midnight MLT), was expected due to the explosive
discharge of magnetic energy previously stored in the Earth’s magnetotail. This
is a typical feature of substorm activity leading to enhanced ionisation of parti-
cles in the plasma sheet and their injection deeper into the inner magnetosphere
and ionosphere. Substorm absorption features are related to the occurrence of
dynamic processes in the unstable magnetospheric tail region and are generally a
signature of the precipitation of electrons with energies around a few tens of keV
in the night sector of the auroral zone (Stauning, 1996, and references therein).
Therefore, substorm intensifications play a significant role in the production of ir-
regularities in the auroral zone, as increased energy flows from the solar wind into
the magnetosphere (see Skone and Cannon, 1999; Skone and De Jong, 2000; Prikryl
et al., 2011, and references therein). In their investigation of the ionospheric range
delay, Skone and Cannon (1999) showed that TEC, which is proportional to the
ionospheric range delay, varied significantly during auroral substorm events. The
work by Skone and De Jong (2000) demonstrated that substorm-induced scintil-
lation can degrade GPS receiver tracking performance. However, these authors

emphasise the need to consider both the magnitude of scintillation and the type of
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GPS receiver utilised in data collection for the effective assessment of the impact

of ionospheric activity on GPS receiver performance.

Figure 7.5 displays a comparison of the horizontal H-field, riometer absorption
and riometer signal intensity measurements with the observed o, data. The top
panel establishes that the horizontal geomagnetic field was highly disturbed as it
decreased from about -200 n'T to -1100 n'T in roughly 30 minutes. During the same
period there was an increase in absorption and an accompanying fade in the 30
MHz riometer signal intensity (middle panels). As mentioned earlier, the o, levels
for this day (March 9) were higher compared to the other two days. This could be
attributed to the highly disturbed geomagnetic conditions, which is an indication
of enhanced magnetospheric energy input. Two interesting features worth recog-
nising in this figure relate to the two substorm events, one at about 04:45 UT and
another just after 05:00 UT. Both corresponded to enhanced o, levels observed on
the signals of PRN 22 and 9 respectively (Figure 7.5).

Considering that the high-latitude ionosphere is strongly influenced by solar wind
dynamics (Kelley, 1989; Carlson Jr. et al., 2004), a knowledge of the solar wind
components is essential to understanding the high-latitude ionospheric dynamics.
Displayed in Figure 7.6 are the interplanetary and AF index conditions correspond-
ing to the case study events on March 9. The IMF Bz-component was directed
predominately southward between 02:00 and 04:30 UT, a condition which may
have later resulted in multiple magnetospheric substorms with related soft parti-
cle precipitation into the auroral zone. Under these conditions, solar wind energy
is released into the auroral regions by means of large-scale electric currents carried
by high-energy particles along terrestrial magnetic field lines into the high-latitude
ionosphere (Tsurutani et al., 2004; Maruyama et al., 2007; Wolf et al., 2007). A
significant increase in the AE index with a value around 800 nT was observed
after the occurrence of both substorm events (see Figure 7.6), a strong indication
of the presence of ionospheric currents (auroral electrojet). Precipitating high en-
ergy electrons, which are energised by the interaction of the solar wind with the
magnetosphere, are responsible for the production of auroral irregularities (Kel-
ley et al., 1982; Kersley et al., 1995; Skone and Cannon, 1999; Doherty et al., 2000).
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Additionally, observations by the DMSP F13 satellite shown in Figure 7.7 com-
pare well with magnetometer and riometer measurements in Figure 7.5, during
the time that scintillation was observed on the signals from PRN 9 and 14. The
DMSP satellites are in sun-synchronous near-polar orbits at an altitude of about
830 km. The top panel of Figure 7.7 shows that the average energy of precipitat-
ing ions and electrons increased and then begins to fluctuate in the high-latitude
region around 69.1°S. The third panel shows that there was high electron energy
flux during the same period at the DMSP F13 orbit height. This is confirmation
of the presence of soft electron precipitation in the auroral ionosphere. The time
of the electron energy fluctuation corresponded to the point of closest approach of
DMSP F13 to the SANAE latitude and longitude, near the time of the substorm
(03:14 MLT) and high riometer absorption (Figure 7.5).

The path (blue line) mapped out by the DMSP F13 satellite as it passed over the
high latitudes at the DMSP altitude is shown in Figure 7.8. This confirms DMSP
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Figure 7.6: OMNI interplanetary conditions (top three panels) and AE index
(bottom) for March 9, 2008.
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Figure 7.7: DMSP F13 ion and electron energy flux data recorded between 05:00
and 05:30 UT during a flight on March 9, 2008.

precipitation data (Figure 7.7) which suggest that the auroral oval extended over
SANAE-IV at the onset of the substorm during this particular passage. The solar
wind data above shows that the IMF Bz had a major negative excursion for over
two and a half hours, and may have been the means by which energy was contin-
uously fed into the auroral ionosphere, thereby causing the auroral oval to expand
equatorward over the SANAE-IV latitude and longitude.

Studies have shown that, particularly during magnetically quiet periods, intense
scintillation events are a function of the entrance and exit of an observation site
into the expanding auroral oval, the dynamics of the individual storm and the
local magnetic time (Kersley et al., 1995; Aarons et al., 1997). The auroral oval is

associated with electron density irregularities which are generated by a number of
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05:15 UT./ SANAE-IV
Al

Figure 7.8: As DMSP F13 travelled poleward, it crossed over the point of closest
approach just after 05:15 UT on March 9, 2008. The blue line is the track of the
satellite at the DMSP height.

plasma instability processes such as velocity shears and precipitation of both high
and low energy electrons in the E- and F-regions respectively (Kelley et al., 1982;
Kersley et al., 1988; Basu et al., 1998). During magnetic storms, the generation of
irregularities is still typically controlled by the entry and exit of the observation
station into the auroral oval, however, the storm timing and progression alters
the diurnal pattern (Aarons et al., 1997). The discussion by Aarons et al. (1997)
points out that continuing high magnetic activity may be responsible for contin-
uous energy input to the magnetosphere which in turn controls the development

and movement of the auroral oval.

Finally, it is important to examine energy injection into the magnetosphere and
its role in the development of irregularities. In their study, Rino and Matthews
(1980) investigated the occurrence of scintillation over Poker Flat, Alaska and es-
tablished that for the most part, scintillation activity followed the general trend of
local magnetic conditions. In interpreting the present observations, one important

feature to note is that during certain time intervals, high riometer absorption and
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Figure 7.9: Horizontal magnetic field AH and 30 MHz riometer absorption com-
parisons for four selected days which had low magnetic activity and high riometer
absorption. No scintillation was observed on these days.

low geomagnetic activity are observed, but no scintillation events, i.e. o4 < 0.2.
Figure 7.9 provides examples of such features. The figure shows plots of the de-
trended horizontal magnetic field AH and 30 MHz riometer absorptions on four
selected days. By contrast, when scintillation is observed, both high riometer
absorption and enhanced magnetic activity are present. Riometer absorption is
typically at the D- and E-layer altitudes. It is argued here that perhaps these fea-
tures establish the significant contribution that F-region irregularities play in the
production of auroral scintillation around solar minimum. The cases cited above
may be evidence of the absence of F-region irregularities. In their studies, Aarons
et al. (1995) and Aarons et al. (1997) found that during quiet magnetic conditions
and particularly for years of low solar flux, F-region irregularities were more dom-
inant than E-layer irregularities in the production of scintillation. In any case,
such events emphasise the need for external energy injection into the ionosphere

in order to create unstable conditions which induce the generation of irregularities

126



7.5  CHAPTER 7. IONOSPHERIC SCINTILLATION OVER ANTARCTICA

responsible for the production of scintillation in the auroral ionosphere.

The results presented in this study are generally in agreement with findings by
Prikryl et al. (2011) who conducted a climatology study of GPS phase scintilla-
tion in the northern high latitudes by using data from the Canadian high Arctic
ionospheric network during the 2008-2009 solar minimum period. Prikryl et al.
(2011) found that the strongest phase scintillation events occurred in association
with auroral arc brightening and substorms. The study also found a defined statis-

tical agreement between geomagnetic activity and phase scintillation occurrence.

7.5 Summary

Severe ionospheric scintillation is known to have a detrimental impact on the reli-
ability of GPS navigation systems and satellite communication. The focus of this
study was the occurrence of phase scintillation events based on the high-latitude

auroral station receiver measurements during a solar minimum period.

Using a multi-instrument approach to diagnose the ionosphere, it was shown that
the occurrence of scintillation at the SANAE-IV polar research station can be asso-
ciated with auroral electron precipitation. Observations confirm that scintillation
events are strongly dependent on magnetic activity. This dependence has been
recognised for a long time and is in agreement with other studies (Aarons et al.,
1997; Prikryl et al., 2010, 2011). Also it has been shown that intense scintillation
events are a function of the entrance and exit of an observing site into the expand-

ing auroral oval particularly during magnetically quiet periods.

This study demonstrated that substorms play an essential role in the production
of scintillation in the high-latitude ionosphere. Furthermore, the investigation re-
vealed that external energy input into the ionosphere plays a leading role in the

development of irregularities which produce scintillation.
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Chapter 8
Summary and conclusions

In this thesis the effects of intense geomagnetic storms on the upper atmosphere
was investigated for the storm events on 15 May 2005 and 24-27 July 2004. The em-
phasis was on mid-latitude locations over South Africa. In addition, high-latitude
ionospheric irregularities were investigated by using ionospheric scintillation data
recorded at the South African Antarctic polar research station during a solar min-
imum period. This chapter summarises the investigation and the major challenges

encountered.

8.1 The thesis work

Currently, major challenges face the ionospheric community, such as understanding
the development of geomagnetic storms and the impact of storms on ionospheric
behaviour, the development and evolution of ionospheric irregularities, and the de-
velopment of methods for predicting the ionosphere. Findings of the investigation

presented in this thesis include the following:

The F2-layer uplift, as determined by the use of ionosonde measurements and the
subsequent TEC enhancement, observed during the 15 May 2005 storm event was
associated with equatorward neutral winds and the passage of TIDs. The two
TIDs propagated with average velocities of ~438 and ~515 m/s during the first
and second event respectively. The velocity of the first TID (438 m/s) was con-
sistent with velocities calculated in other studies for the same storm event. The

ionospheric response on May 15 was characterised by a dissimilarity between the
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foF2 and the TEC. This could be related to the competing effects of the westward
electric field and equatorward neutral wind. Furthermore, the observed TEC en-
hancements were not due to the expansion of the EIA into the mid-latitude regions,
because a strong westward current was observed in the African sector. Therefore,
the equatorial electric field could not be responsible for the TEC enhancements.
This supports the argument that neutral winds could be the primary cause of the

observed TEC enhancements.

Research for this thesis demonstrated that the positive storm enhancement on
both 25 and 27 July 2004 lasted for more than 7 hours and were classified as
long-duration positive ionospheric storm effects. Both global TEC maps and the
TOPEX/JASON-1 altimeter TEC showed that the EIA asymmetry was broader
and of higher density in the winter hemisphere than in the summer hemisphere.
This was attributed to the summer-to-winter trans-equatorial neutral winds that
move the ionospheric plasma to the winter hemisphere across the equator. Ionosonde
measurements from stations in South Africa revealed that the rise of the peak
height (hmF2) was accompanied by an enhancement of peak electron density
(foF2). It has been suggested that the long-duration positive storm effects could
have been caused by large-scale thermospheric wind circulation and enhanced
equatorward neutral winds. These processes were in turn probably driven mainly
by enhanced and sustained energy input in the high-latitude ionosphere. This is
evident by the prolonged high-level geomagnetic activity observed on both 25 and
27 July 2004.

It has been shown that the occurrence of scintillation at the SANAE-IV polar
research station was associated with auroral electron precipitation. Observations
showed that intense scintillation events were strongly dependent upon magnetic
activity, and upon the entrance and exit of the observing site into the expanding
auroral oval. In addition, it was demonstrated that substorms play an essential
role in the production of scintillation in the high-latitude ionosphere, and that
external energy input into the ionosphere is necessary for the generation of irreg-

ularities that produce scintillation.

Finally, it was established that there are not enough data sources to fully investi-
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gate the ionospheric storm responses presented in this thesis. More data is required
for a complete understanding of the storm-driving mechanisms. Therefore, due to
the absence of any direct observations of proposed mechanisms responsible for pos-
itive storm effects, it is likely that more than one mechanism could be responsible
for the observed density enhancements. This implies that more observations are
necessary to distinguish between the various mechanisms responsible for positive

storm eflects.

8.2 Challenges

This thesis marks the first attempt to investigate the mechanisms responsible for
the generation of positive storm effects over mid-latitude South Africa. The study
revealed a number of challenges that need to be addressed in future studies. One
of the key factors is the need to expand the existing infrastructure, such as the
implementation of new instruments and projects, in order to fully develop our un-
derstanding of ionospheric storms. This would enable us to distinguish between

the various storm drivers over the Southern African mid-latitude region.

Since the two case studies on ionospheric storms date back to the era when part
of the existing infrastructure was unavailable or insufficient, some of the concerns
may have been addressed or are in the process of being addressed. For example, the
setting up of a Doppler radar system in the Western Cape region is an important

development for TID studies.

8.3 Future work

The goal for future studies should be to conduct an analysis of the occurrence of
scintillation at Marion and Gough Islands. Since the GISTM antennas at the two
sites were moved to more suitable and stable locations, there is need to perform
a quality check on the data and to also perform a climatology study of the occur-
rence of scintillation in order to advance our understanding of irregularities over

the two stations.

In conclusion, this thesis has highlighted some of the major challenges that need

130



8.3 CHAPTER 8. SUMMARY AND CONCLUSIONS

to be addressed in order to fully understand the ionospheric storm drivers over the
Southern Africa mid-latitudes region. In addition, a successful ionospheric scin-
tillation study was performed for a high-latitude Antarctic polar research station
during solar minimum conditions. Therefore, the results presented in this thesis
on the ionospheric response to geomagnetic disturbances at middle and high lat-
itudes will provide essential information to direct further investigation aimed at

developing these emerging fields of study in South Africa.
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