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ABSTRACT

Global ionospheric models have a wide range of uses in addition to developing the
understanding and characterisation of the ionosphere. Two examples of these uses are explored
within this work, both of which use ionospheric models to predict ionospheric impacts to radio
transmissions as they pass through the ionosphere. The first example is the impact of the
ionosphere on High Frequency (HF) propagation, namely in the context of a multistatic
over-the-horizon radar (OTHR) simulation. By ray tracing through output from an ionospheric
model, the sensitivity of a simulated multistatic OTHR (MOTHR) has been compared to the
sensitivity of a simulated, conventional monostatic OTHR configuration. The MOTHR requires
a target signal to be detected by the monostatic receiver and at least one bistatic receiver
simultaneously. This makes it possible for a target velocity to be determined from a single radar
sweep, and makes it easier to distinguish the signal scattered by the target from the signal
scattered by illuminated terrain or water waves. The region for which targets could be detected
by the MOTHR was very similar to the coverage area for a monostatic OTHR configuration.
The monostatic configuration could detect smaller targets than the MOTHR configuration;
however, the loss of sensitivity was not severe for most locations, and small targets could still

be detected with the MOTHR.

The second example is the impact of the ionosphere on Ultra High Frequency (UHF)
propagation, focusing on the impact of ionospheric irregularities on Global Navigation Satellite
System (GNSS) transmissions. Transmissions passing through regions with sudden changes in
plasma density can result in rapid fluctuations of signal amplitude or phase, referred to as
ionospheric scintillation. These sudden changes in plasma density take the form of plasma

bubbles at low latitudes, which can considerably degrade GNSS performance in that region. A



novel method to forecast the scintillation due to plasma bubbles at low latitudes has been
developed. This method is shown to have forecasting skill as good as, or better than, an existing
method when using output from the same physics-based ionospheric model. Modelled electron
densities are used to determine a proxy for vertical plasma drift (PVPD) speeds at the
post-sunset magnetic equator, which are used as an indicator of whether scintillation will occur.
PVPD forecasting using a global ensemble data assimilation ionospheric model is shown to
have a significant improvement in forecasting skill compared to PVVPD forecasting with the
physics-based model for a single test case. A methodology to use ensembles of PVPD values

to produce probabilistic scintillation forecasts is also discussed.

The accuracy of HF ray tracing and scintillation forecasting within this work are dependent on
the quality of the ionospheric specification. Furthermore, excellent ionospheric specification
would be crucial for, e.g., coordinate registration in an operational MOTHR. A technique to
potentially improve the accuracy of an ensemble data assimilation model of the ionosphere by
increasing variability between ensemble members is described. Additional variability between
ensemble members can be generated by adding perturbations to lower boundary horizontal wind
speeds. It is shown that lower boundary perturbations impact ionospheric conditions at higher

altitudes, and can increase the range of modelled ionospheric conditions.
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1. INTRODUCTION

Models of the ionised component of the Earth’s upper atmosphere (the ionosphere) have been
developed to aid the understanding of the physical processes and development of structures
within the medium. However, the specification of ionospheric characteristics has many other
uses, some of which can help to mitigate risk for industries which are dependent on ionospheric
radio propagation such as satellite communications and high frequency (HF) communications.
The ionosphere can impact communications in several ways. For example, a transmission which
passes through plasma irregularities can result in rapid fluctuations of the signal amplitude or
phase, referred to as scintillation. Strong scintillation can present a risk for users who require a
continuous connection to satellite signals, e.g. Global Navigation Satellite Systems (GNSS).
However, it is possible to capitalize on some ionospheric effects. For example, ionospheric
reflection can result in the ability for HF signals to be transmitted to locations which are too far
away for direct line-of-sight communications due to the curvature of the Earth. The reflection
of HF transmissions is also used for skywave over-the-horizon radar (OTHR), enabling the
detection of targets which are too distant for conventional line-of-sight radar. Typically, OTHR
configurations are described as monostatic if the transmitter and receiver are co-located.
However, to avoid direct transmitter-receiver communication the transmitter and receiver may
be in separate locations (e.g. 100 km distance) for which the transmitter-target and
receiver-target directions are very similar, which we refer to as pseudo-monostatic.
Transmitter-receiver distances can be significantly greater, with different viewing angles to the

target. This is referred to as a bistatic OTHR configuration.



In Section 5, simulations of an OTHR are produced by simulating the propagation of radio
waves (ray tracing) through the ionosphere using output from a global ionospheric model. The
concept of a multistatic OTHR (MOTHR) is introduced, in which the OTHR configuration uses
a single transmitter and multiple receivers. An advantage of a MOTHR (compared to a
monostatic or bistatic configuration) is the ability to estimate target velocities from a single
radar sweep by combining target radial speeds (calculated from the Doppler shift of the received
signal from the target) from multiple receive sites. The transmitted signal will not only be
scattered by the target, but also by the land, sea, etc. in the region around the target which has
been illuminated. This signal scattered by the surrounding terrain, etc. can also be detected by
the receiver and is referred to as clutter. A further advantage of having multiple receivers in a
MOTHR is that they make it less likely that a target signal will remain undetected due to clutter
when the signal is detected at multiple receivers simultaneously, due to the different target
Doppler shifts at each receiver. The area of coverage and sensitivity of a MOTHR will be
compared to a conventional pseudo-monostatic configuration, to determine the viability of the

MOTHR concept.

The magnitude of the ionospheric refraction (and likelihood of reflection) of signals within the
ionosphere decreases as the transmission frequency increases. Global Navigation Satellite
Systems (GNSS) communications (such as the Global Positioning System) are a widely used
form of trans-ionospheric communications. However, these communications have transmission
frequencies which are far higher than the HF frequencies used for OTHR. Therefore, the
propagation path deviations due to ionospheric refraction are very small. However, GNSS (and
other) communications can be impacted by other ionospheric effects, such as the rapid

fluctuation of signal amplitude and phase (referred to as scintillation) when a transmission



passes through a region with sudden changes in plasma density. A physics-based global
ionospheric model is used within this work to forecast ionospheric scintillation at low-latitudes.
A novel method to predict the occurrence of scintillation is described in Section 6, which uses
model output to generate a proxy for vertical plasma drift (PVVPD) at the magnetic equator.
PVPD values are then used as an indicator for whether low-latitude scintillation will occur
during the subsequent evening. PVPD forecasting is compared to an existing method which
uses model output to calculate Rayleigh-Taylor growth rates (RTGRS), which are also used as
an indicator of subsequent scintillation. P\VPD forecasts only require electron density model
output at the magnetic equator, whereas RTGR forecasts require a greater number of output
variables for a far greater number of locations. Several test cases will be considered, including
test cases used in the literature to demonstrate RTGR forecasting skill, to determine whether
PVPD forecasting can match or outperform RTGR forecasting when using output from the
same ionospheric model despite the additional complexity of the RTGR method. PVPD
forecasting skill is also assessed for PVPDs generated using an ensemble data assimilation
ionospheric model, rather than a physics-based model. Techniques to develop probabilistic
PVPD forecasts using output from the ensemble data assimilation model are also discussed in

Section 7.

The accuracy of HF ray tracing for simulations of OTHR and the forecasting skill of PVPD
forecasting are both dependent on the accuracy of the ionospheric specification. The inclusion
of data assimilation within the ionospheric modelling provides the opportunity to improve the
ionospheric specification and, therefore, the ray tracing accuracy and PVPD forecasting skill.
The ensemble data assimilation ionospheric model within this work uses geomagnetic and solar

activity indices to produce variability between ensemble members. An important consideration



for this ensemble model is that the range of ensemble members spans close to the full range of
possible ionospheres. In Section 8, changes are made to the background model lower boundary
wind speeds to determine whether changes in ionospheric conditions are produced at higher
altitudes. A technique to add randomly generated perturbations to lower boundary winds is
introduced, which produces localised variability and may also include large-scale structures.
Test cases are considered for different combinations of season, solar activity and geomagnetic
activity, to determine the changes to electron density profile peak values and associated heights
for a range of environmental conditions. If the range of ionospheric conditions which can be
produced by the data assimilation model can be expanded using lower boundary wind
perturbations, it may be possible to increase the accuracy of the ionospheric specification of the
data assimilation model and, therefore, the accuracy of OTHR modelling and scintillation

forecasting using output from this model.



2. EARTH’S UPPER ATMOSPHERE

2.1. The Neutral Atmosphere

2.1.1. Vertical Structure

The vertical structure of Earth’s atmosphere can be separated into distinct layers by considering
the behaviour of certain characteristics. The change in temperature with altitude can be used to
separate the atmosphere into the troposphere, stratosphere, mesosphere and thermosphere
(Figure 1). The troposphere is the lowest of these layers, extending from the ground to around
10 km. In the troposphere the temperature decreases with altitude. Extending from the top of
the troposphere to about 50 km is the stratosphere, in which temperatures tend to increase with
altitude. The mesosphere extends from the top of the stratosphere to about 85 km and is

characterised by decreasing temperature with altitude. The thermosphere extends from the top
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Figure 1. Properties of Earth ’s atmosphere (Emmert, 2010).




of the mesosphere to between 500 and 1000 km depending on solar activity. In this region the
temperature tends to increase with altitude, with temperatures in the upper thermosphere

reaching over 1000 K during periods of high solar activity.

Neutral density tends to decrease with altitude. Up to around 90 km, the neutral species are well
mixed and in proportions which do not tend to change significantly with altitude (about 78%
molecular nitrogen, 21% molecular oxygen, 1% argon, 0.04% carbon dioxide and trace amounts
of other species). This region is defined as the homosphere. Above the homosphere the lower
neutral density results in less frequent collisions between molecules. Neutral species do not
remain well mixed and neutral composition varies with altitude. Without frequent collisions,
neutral species can separate into layers in which different species dominate; this region is
defined as the heterosphere. The layers depend on species mass, with higher mass species
settling in layers below lower mass species. Molecules can also be ionised, primarily by
absorbing energy from solar radiation. At higher altitudes the density of the atmosphere is lower
so recombination of charged species will be at a slower rate than at lower altitudes. As a result,
species which are uncommon at lower altitudes can be found in abundance at higher altitudes.
For example, atomic oxygen tends to be the most common species from about 180 km up to
between 600 and 800 km (Figure 1), depending on solar activity. Above the atomic oxygen
layer the dominant species are hydrogen and helium. The charged and neutral species within
the Earth’s atmosphere are engaged in a complex interplay, driven by factors such as the
behaviour of charged particles within the Earth’s magnetic field and the motion of neutral

particles due to atmospheric tides and winds.



2.1.2. Tidal Winds

As the atmosphere absorbs radiation from the Sun during the day a difference in temperature is
apparent between the dayside and night-side of the Earth. This difference in temperature (and
pressure) results in neutral tidal winds within the thermosphere and other atmospheric layers.
The point at which the temperature is greatest corresponds to the relative position of the Sun,
so moves around the Earth once each day or, more accurately, the tide remains stationary
relative to the direction of the Sun while the Earth rotates beneath it. These winds are classed
as diurnal migrating tides. Migrating tides due to harmonics related to this solar diurnal tide are
also present. The semi-diurnal migrating tide (12-hour tide) also makes a significant
contribution to overall tidal winds. However, migrating tides with smaller periods (e.g. 8 hours,
6 hours) generally have smaller amplitude than the diurnal and semi-diurnal migrating tide.
Tides which do not travel westward with the apparent motion of the Sun are described as non-
migrating tides. However, non-migrating tides are not necessarily static with respect to the
Earth’s surface. Convective cloud systems in the upper troposphere at tropical latitudes are an
important contributing factor to some non-migrating tides (Hagan & Forbes, 2003). Other non-
migrating tides can be generated by interactions between planetary tides and Rossby waves
(planetary waves generated by the Coriolis effect due to the Earth’s rotation; Rossby, 1939) or
interactions between planetary tides (Mayr et al., 2005). Atmospheric tidal winds are discussed

in great depth by, for example, (Lindzen & Chapman, 1969).



2.2. The lonosphere

2.2.1. lonisation and Recombination

When solar radiation is absorbed by neutral atoms and molecules in Earth’s atmosphere it can
result in electrically charged ions and free electrons (Eccles, 1912). A photon absorbed by an
electron associated with an atom or molecule excites the electron. The excited states and
unexcited (ground) state of the electron correspond to specific energy levels. A photon can be
absorbed by the electron if the photon energy is equal to the energy required to excite the
electron from its current state to a more excited state. A photon can also be absorbed if the
photon energy is greater than the energy required to overcome the attractive force between a
negatively charged electron and it’s positively charged nucleus. The absorption of the photon
converts the atom or molecule into a positively charged ion and a free electron. This process is
called photoionisation; the atom or molecule has been ionised. In Table 1 ionisation energies
and corresponding photoionisation wavelengths are displayed for common ionospheric ions.
These wavelengths correspond to the extreme ultraviolet (EUV) range of the electromagnetic
spectrum apart from nitrogen monoxide which corresponds to far ultraviolet (FUV), i.e.
ionisation occurs when the atmosphere is subjected to FUV, EUV, X rays, and gamma rays.
Atoms and molecules can also be ionised during collisions with energetic particles (Schunk &
Nagy, 2009). Kinetic energy is transferred from the energetic particle during the collision; if

enough energy is transferred, ionisation takes place.

Interactions between free electrons and positively charged ions can result in recombination of
electrons and ions to form neutral particles. The dominant reactions for recombination in the E

region are (Bates & Massey, 1946; Hargreaves, 1992):



Table 1. lonisation energies and corresponding photoionisation wavelengths of common

ionosphere species. Adapted from (Hargreaves, 1992).

Species | lonisation energy Photoionisation wavelength
(eV) (nm)
NO 9.25 134.0
0, 12.07 102.7
H,0 12.60 98.5
H 13.60 91.2
0 13.61 91.1
N 14.54 85.3
H, 1541 80.4
N, 15.58 79.6
He 24.58 50.4

e+0; >0+0
e+NJ >N+N

(2.1)
e+NO" > N+0,

where e is a free electron, O and N are neutral atoms of oxygen and nitrogen respectively, and
07, NJ and NO™ are positively charged ions of molecular oxygen, nitrogen, and nitric oxide
respectively. In the F region the dominant ion species is O*. However, for 0% electron

attachment recombination is very slow. Instead, in the F region, O* will exchange charge with



neutral O, or N, molecules, to produce O and NO™ ions which can recombine with electrons

in the same manner as the E region (Bates & Massey, 1946; Hargreaves, 1992).

A further discussion of ionisation and recombination processes within the ionosphere is

provided by, for example, Hargreaves (1992).

2.2.2. lonospheric Vertical Structure and Characterisation

The ionosphere can be separated into distinct layers (Appleton, 1927), referred to as the D, E,
F1, and F2 layers, by considering the variation of electron density with altitude (Figure 2). The

bottom of the D layer (the lowest ionospheric layer) is from an altitude of ~50 km. The
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Figure 2. A representation of ionospheric vertical structure and the variability due to time of

day and solar activity (Angling et al., 2013).
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ionospheric structure is dependent on local time: at night the D layer effectively disappears
(Mitra & Syam, 1935) and the F1 and F2 layers combine to form a single F layer (Appleton,
1933). Electron density profiles, and the resulting propagation of radio waves through the
ionosphere, are dependent on solar activity (Plendl, 1932), as increased solar activity tends to
increase the rate at which ionisation occurs. Solar output varies according to the (on average)
eleven-year solar cycle (Schwabe, 1844) as shown by the variability of the F10.7 solar flux
(solar flux with a wavelength of 10.7 cm, used as an indicator of solar activity) in Figure 3.
There is also local variability of solar flux within the ionosphere on diurnal and annual
timescales due to the Earth’s rotation and seasonal effects. lonospheric conditions are heavily
dependent on solar flux variability; the maximum diurnal ionospheric electron content has been
shown to be linearly dependent on solar flux, although this relationship becomes non-linear
when solar flux is high (Balan et al., 1993). Following sunset electron densities tend to reduce
Solar radio flux
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Figure 3. Daily F10.7 solar flux values from 1947 to 2019 (Du, 2020).
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as ions and electrons recombine to form neutral species. There are also seasonal effects due to

the change in hemisphere tilted towards the Sun throughout the year.

Examples of electron density profiles for daytime and night-time during periods of high and
low solar activity are shown in Figure 2. The electron density peak value within the F2 layer
(NmF2) and the altitude of the F2 peak electron density (hmF2) also vary according to
environmental conditions such as solar activity and time of day. Electron density peak values
and heights for other layers use the same form of notation, e.g. hmEe for the height of the peak
electron density in the E layer and NmF1 for the peak electron density in the F1 layer, etc.
Electron density profiles can also vary by latitude, due to effects which are localised to

particularly latitudinal sectors.

2.3. Low Latitude lonospheric Variability

2.3.1. Plasma and the Neutral Wind

The ionosphere is engaged in a complex, dynamic interplay with the neutral atmosphere.
Neutral atmospheric winds can drive ionospheric plasma transport, which in turn can generate
electric fields (Richmond et al., 1976). As the electric fields are generated by converting the
mechanical energy of the wind into electrical energy in a manner similar to that of a dynamo,
the electric fields are referred to as dynamo electric fields. A short summary of dynamo electric
fields shall now be provided. However, an in-depth discussion of these processes is discussed
by, for example, Hargreaves (1992). lons and electrons can be driven by neutral winds.
However, unless the ion-neutral (or electron-neutral) collision frequency is sufficiently large,

plasma motion is also influenced by Earth’s magnetic field. A neutral wind with a velocity
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component perpendicular to magnetic field lines, U, can be considered to provide a force, F,

acting upon the charged particles such that

F=mvU, (2.2)

where m is the mass of the charged particle and v is the ion-neutral (or electron-neutral)
collision frequency. Each collision will transfer momentum to the charged particles in the
direction of the neutral wind. If the collision frequency is sufficiently high, the charged particles
are driven along with the neutral wind. However, this is not the case for lower collision
frequencies. If there is no wind or other additional forces acting on charged particles in a
uniform magnetic field, the charged particles tend to exhibit circular motion relative to the
magnetic field line. The frequency of this circular motion (gyrofrequency) is inversely
proportional to the mass of the particle, so the gyrofrequency is far greater for an electron than
for an ion (by a factor of ~1800m;, where m; is the atomic weight of the ion). When a force
(such as the neutral wind) is applied to charged particles in a magnetic field, this circular motion
is disrupted. The circular motion is in opposite directions for particles with positive and
negative charge. As a result, for low collision frequencies, the neutral wind can cause the ions
and electrons to be driven in opposite directions in the line perpendicular to the neutral wind
and the magnetic field directions (Figure 4). The average angle, 6, between the neutral wind
direction and the velocity of a charged particle in the presence of a magnetic field due to the

neutral wind is given by

tanfd = —, (2.3)
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where w is the gyrofrequency of the charged particle and v is the collision frequency between
the charged and neutral particles. In the E region, the ion gyrofrequency is much smaller than
the ion-neutral collision rate. However, the electron gyrofrequency is far greater than the
electron-neutral collision frequency. As a result, the ions move in a direction close to that of
the neutral winds whereas electrons move in a direction nearly perpendicular to the neutral
winds. The wind component parallel to the magnetic field lines can drive plasma along
magnetic field lines, thereby producing an uplift or depression of plasma at locations where the

magnetic field lines are not horizontal (i.e. away from the magnetic equator).
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Figure 4. Charged particle motions in a magnetic field (B) when driven by a force (F,) due to

neutral winds and collision frequency, v (Hargreaves, 1992).
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2.3.2. ExBDrift

The presence of perpendicular magnetic and electric fields results in transport of positive and
negative particles in the same direction (Gunn, 1930), referred to as ExB drift. At the magnetic
equator the magnetic field and dynamo electric field are effectively horizontal and
perpendicular, with an eastward electric field during the day and a westward electric field at
night. The resulting ExB drift is, therefore, upwards during the day and downwards at night

(D. F. Martyn, 1953; Woodman, 1970). The ExB drift velocity v is given by (Gunn, 1930)

EXB

V=
IB|>

(2.4)

where E and B are the electric and magnetic fields respectively.

E region dynamo electric fields generated by neutral winds are propagated to the F region due
to the high conductivity along magnetic field lines (Farley, 1960). An increase in F region
eastward zonal wind speeds across the day-night terminator (King-Hele & Walker, 1977)
contribute to an enhancement in upwards ExB drift speeds in the evening before the ExB drift
reverses direction (Rishbeth, 1971), referred to as the pre-reversal enhancement (PRE). The
magnitude of the PRE has a seasonal dependence (Fejer et al., 1991) due to steep conductivity
gradients at the day-night terminator when the terminator and magnetic field directions are

misaligned (Figure 5).
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Figure 5. Observations of the pre-reversal enhancement of vertical plasma drift at low latitudes

for three levels of F10.7 solar flux (Fejer et al., 1991).

2.3.3. Equatorial Anomaly

At higher altitudes the daytime upwards motion of plasma at the geomagnetic equator
eventually succumbs to gravity and the magnetic field, and starts to drift downwards. However,
the downwards plasma motion follows magnetic field lines north and south as it returns towards
the Earth’s surface (Figure 6). This “fountain effect” results in a depletion of plasma density

in the F2 region at the magnetic equator and an enhancement of the F2 layer to the north and

16



south of the magnetic equator (Appleton, 1946). This deviation from electron density increasing
with decreasing latitude is known as the Equatorial (or Appleton) Anomaly (EA). The peak F2
enhancement, or equatorial ionisation crests (EIC), occur approximately 15° latitude north and
south of the magnetic equator. As the atmospheric density decreases with increasing altitude,
the rate of recombination of ions and electrons will also decrease with increasing altitude. As a

result, the EIC can persist and still be observed in the night-time region (Martyn, 1956).
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Figure 6. Diagram showing plasma transport processes which produce the equatorial anomaly,
with ionisation crests approximately 15° north and south of the magnetic equator (de La

Beaujardiere, 2004).
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2.3.4. Equatorial Plasma Bubbles

Within a fluid, a higher density layer situated above a lower density layer will result in regions
where the low density fluid extends upwards into the high density layer. Also, high density fluid
sinks into the low density layer (Figure 7). This is not necessarily because the low density layer
is unable to provide sufficient force to support the high density layer: rather, it is due to
imperfections in the boundary between the two layers. If a region of the boundary is higher than
the average boundary plane, the lower density fluid which is above the average boundary plane
will experience more pressure than would have been required to maintain the boundary between
the two layers in the average boundary plane. As a result, the lower density fluid will rise into
the higher density fluid, forcing higher density fluid aside during this upwards progress.
Regions of the boundary below the boundary average contain higher density fluid, which
requires more pressure to support it than the average pressure at the boundary. As a result, the

higher density fluid sinks downwards through the lower density fluid. The instability of such a
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Figure 7. Simulation of a Rayleigh-Taylor instability which can develop when a denser

fluid (grey) is above a lighter fluid (white). Adapted from (Lee et al., 2011)
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system was investigated and described by Lord Rayleigh (Rayleigh, 1882) and, following later

work by Sir Geoffrey Ingram Taylor, is described as a Rayleigh-Taylor instability.

Without ionisation from solar radiation the electron density starts to decrease after sunset due
to recombination of ions and electrons. At higher altitudes the atmosphere continues absorbing
solar radiation for some time after the Sun has set at lower altitudes, due to the curvature of the
Earth. Furthermore, the atmospheric density is lower at higher altitudes, so ion-electron
collisions are less frequent than at lower altitudes. Therefore, recombination can occur more
rapidly after sunset at lower altitudes, which can increase the rate at which electron density
increases with altitude in the lower ionosphere. If the boundary between layers corresponding
to specific electron densities is perturbed, the Rayleigh-Taylor instability can be initiated
thereby creating bubbles or plumes of lower electron density (Figure 8) which rapidly rise
hundreds of kilometres into the region of higher electron density (Woodman & La Hoz, 1976).
The northward magnetic field and downwards gravitational force causes an eastward drift of
charged particles in a process similar to that of ExB drift (referred to as gxB drift, as the plasma
transport is due to gravity and the magnetic field). If a longitudinal wave (such as a gravity
wave which has propagated up from the lower atmosphere) with sufficient amplitude were to
develop across the boundary between layers of higher and lower electron densities, ions and
electrons could accumulate on either side of each wave trough or crest. This creates an electric
field which results in vertical drift, increasing the altitude of the boundary wave crests and
decreasing the altitude of the wave troughs. The increased wave amplitude serves to transport
lower density plasma upwards, generating the plasma depletion within the higher density
plasma region above (Ott, 1978; Sultan, 1996). These density irregularities regularly form at

low latitudes and are known as Equatorial Plasma Bubbles (EPBS).
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Figure 8. Numerical simulation of equatorial plasma bubbles (Yokoyama, 2017).

2.4. lonospheric Impacts to Communications

Satellite communications, such as those from Global Navigation Satellite Systems, are essential

for many of the technical advancements enjoyed by modern society and are critical for many
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industries (Hapgood, 2017; Hapgood et al., 2021). However, transmissions which travel into or
pass through the ionosphere can be impacted by variability of plasma density along the
transmission path. In the ionosphere, electrons will oscillate with an angular frequency which
is dependent on the square root of the electron density. The angular plasma frequency (wp) of

the ionosphere at a chosen location can be defined from Tonks and Langmuir (1929) as

N 2
w3 = Ned. (2.5)
€oMe

where N, is the electron density at the chosen location (e/m3), g, is the magnitude of the
electric charge of an electron (1.6 x 10719 C), €, is the permittivity of free space
(8.85 x 10712 C2/(N m?)), and m,, is the mass of an electron (9.11 x 10731 kg).

Alternatively, the (linear) plasma frequency (fp) in Hz can be defined as
Wp\?
2= (_) _ (2.6)

Therefore, substituting values for q., €y, and m,, f, can be approximated as

fp = 80.6 N, (2.7)

or

f, = 94/N,, (2.8)
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as reported by Tonks and Langmuir (1929) following conversion to Sl units. For a vertical
column extending through an ionospheric layer, the critical frequency is the maximum plasma
frequency within the column. The critical frequency provides an approximation of the
maximum vertically transmitted frequency which would be refracted by the ionosphere back to
the ground. The critical frequency (of the ordinary (0) wave; the difference between o and x
waves is discussed in Section 2.4.1) of a layer is denoted by the prefix fo (e.g. foE for the E

layer and foF2 for the F2 layer).

Electron densities in the D region are considerably lower than in the E and F region. However,
in the D region the higher neutral densities (compared to the F region) result in higher
propagation path losses due to absorption in this region and the E region. Zawdie et al. (2017)
provide an example of this behaviour for a simulated 5 MHz x-mode vertical wave (Figure 9).
The approximate boundaries of the D, E, and F regions for an IR1-2016 daytime electron density
profile (top left) are shown in the top middle and top right plots as dashed horizontal lines. It
can be seen that the D and E region contribute more to the daytime total attenuation (top right)
than the F region. Zawdie et al. (2017) reported that in this example the D, E, and F regions
produce approximately 30%, 60%, and 10% of the total attenuation respectively. Therefore,
accurate representation of the D and E regions can be an important factor when determining

total signal loss along the ray path.

Two forms of ionospheric impacts to trans-ionospheric signals will be a focus of this work:

refraction (and reflection) of the transmission path, and ionospheric scintillation.
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Figure 9. Electron density profile (left), absorption (middle) and total attenuation (right) for a
simulated 5 MHz vertical X-mode wave at 28°N, 0°E during the day (top) and night (bottom)

of 14 March 2010 (Zawdie et al., 2017).

2.4.1. Refraction

When electromagnetic radiation passes from one medium to another, a difference between the
refractive indices of the two media will result in a change of direction of the radiation.

According to Snell’s law, this can be described by

Ui sin@; = u, sinf, , (2.9)

23



where y; is the refractive index of the ith medium, and 6; is the angle in the ith medium between
the direction of propagation and the normal of the boundary between the media. The refractive

index y; can be defined as
Wi =—, (2.10)

where v; is the phase speed of the electromagnetic wave in medium i, and c is the speed of light
in a vacuum. Therefore, if the angle of incidence in medium 1 and the refractive indices (or
electromagnetic wave phase speeds) of medium 1 and 2 are known, the angle of incidence in

medium 2 can be determined by

. n . Uz .
sin @, = —sin 0, = 5. sin 0, . (2.11)
2 1

The Appleton-Hartree-Lassen (Appleton, 1932; Hartree, 1929; Lassen, 1926) equation, also
referred to as the Appleton-Hartree, or Appleton-Lassen equation, permits calculation of the
refractive index of ionospheric plasma when including collisions and the effects of the Earth’s

magnetic field. The Appleton-Hartree-Lassen equation can be written as (Hargreaves, 1992):

W2 =1 X (2.12)

1 )
2 4 /2
20—Xx—)~\a(0—x—i2)

1-iZ

with
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X= oMmew?’ 213
Y, = ;’f; , (2.14)
y, = ;’f;, (2.15)
7= % (2.16)

where By and B;, are the components of the magnetic field which are perpendicular and parallel
respectively to the ray path direction, N, is the electron density, v is the electron-neutral

collision frequency, g and m, are the charge and mass of an electron respectively, w is the

angular (radians per second) transmission frequency, and i = v/—1. Note that two refractive
indices are provided. The magnetic field effectively splits the transmission wave into two
distinct waves. The refractive index differs for these two waves, so the ray path propagation
directions may differ significantly. If we consider the special case in which the ray path travels
perpendicular to the magnetic field, Y, = B, = 0, and the Appleton-Hartree-Lassen equation

reduces to

X
B YZ + Y? T (217)
20-Xx—-iz)~20-X—-iZ)

ur=1-
1-iz

Note that in this special case the refractive index produced using the positive term in the
denominator corresponds to the refractive index when no magnetic field is present. The mode
using the positive term (for any transmission direction with respect to the Earth’s magnetic

field) is referred to as the ordinary mode (0-mode), whereas the negative term corresponds to
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the extraordinary mode (x-mode). Also note that when the magnetic field and collisions are

ignored, By = B, = v = 0, and the Appleton-Hartree-Lassen equation reduces to

(2.18)

Therefore, substituting from equation 2.1, in a plasma which is cold (i.e. neglecting thermal
effects), collisionless, and is not in the presence of a magnetic field, the refractive index u is

given by:

U= 1——, (219)

which can also be written as

u=1-2 (2.20)

where f is the linear (Hz) transmission frequency respectively, and w,, and f,, are the angular

and linear plasma frequency respectively. By substituting from equation 2.3 the refractive index

can, therefore, be approximated as

(2.21)
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A key point to note here is that u < 1. Therefore, when travelling through a region with
increasing plasma density, a ray will be refracted away from the normal of the boundary
between two plasma densities. Conversely, when travelling through regions with decreasing
plasma density the plasma the ray will be refracted towards the normal of the boundary. This
ionospheric effect provides the opportunity for skywave propagation, in which a ray is
transmitted at an oblique angle into the ionosphere. The ray is refracted by the ionosphere and
can reach a point at which total internal reflection occurs, returning to the ground at locations
which may be too distant to transmit to via direct line-of sight methods. This forms the basis of

an over the horizon radar (OTHR) system, which will be discussed further in Sections 4 and 5.

2.4.2. lonospheric Scintillation

Another important factor for ground-satellite communications transmitted through the low and
high latitude ionosphere is whether the transmission passes through plasma irregularities, such
as equatorial plasma bubbles (EPBs). At the boundary of the EPB there is a steep electron
density gradient. Smaller scale electron density perturbations are likely to be present at the
boundary and within the EPB due to the non-linear nature of the Rayleigh-Taylor instability
producing additional structure within these regions. The presence of electron density
irregularities can impact the ionospheric refractive index. Transmissions passing through these
electron density irregularities may experience rapid fluctuations of phase and amplitude due to
refractive and diffractive effects; these fluctuations are referred to as scintillation. A recent
discussion of scintillation theory and models is provided by Materassi et al. (2019). Scintillation

increases transmission noise and, if scintillation is sufficiently intense, can cause breaks in
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communication (Kintner et al., 2007). The increasing dependence on trans-ionospheric
communications such as Global Navigation Satellite System (GNSS) receivers (e.g. Global
Positioning System (GPS) receivers) has made these communications critical for a range of
industries (Hapgood, 2017). Scintillation can result in a loss of lock between GPS satellites and
receivers, and cause reductions in accuracy for GPS positioning information (Béniguel et al.,

2004).

Low and high latitude scintillation is driven by different processes. Low-latitude scintillation
from EPBs depends on magnetic field lines being horizontal at the magnetic equator to produce
ExB drift due to the dynamo electric field. In high latitude regions these circumstances are not
reproduced. However, scintillation can be produced by other methods. For example, strong
plasma density gradients can be produced at high latitudes during particle precipitation events
(Santimay Basu et al., 1988; Makarevich et al., 2021). However, only forecasting of low-
latitude amplitude scintillation will be considered within this work. Low-latitude amplitude
scintillation tends to be greatest when the irregularity size along the transmission path is on the
order of the radius of the transmission’s first Fresnel zone (Yeh & Liu, 1982). The first Fresnel

zone defines the region around a ray path for which the distance travelled by a ray which is
reflected at this point travels % further than the unreflected ray path, i.e. the region for which
reflection produces the greatest destructive interference as it is out of phase with the original
signal by half the transmission wavelength (%) The radius of the Fresnel zone varies along the

transmission ray path, with the greatest radius occurring at the midpoint between the transmitter

and receiver. The radius of the first Fresnel zone (Ry) is given by
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1

DD’ \2
= (2.22)
R <D + D’) ’

where D is the distance between the irregularity and the receiver, D' is the distance between the
irregularity and the transmitter, and A is the transmission wavelength. A method for modelling
scintillation due to weak scattering treats the ionosphere as a thin phase screen at a chosen
altitude. For example, consider a receiver at a fixed location on the ground which receives GPS
signals at frequency L1 (1575.42 MHz, corresponding to a wavelength of about 19 cm) from a
satellite orbiting directly above the receiver at an altitude of 20,000 km. At an altitude of 400 km

the radius of the first Fresnel zone is

1
19600 x 400 X 10 X 0.19\2
_ N 2.23
R = < 20000 x 103 ) ~ 273 m. ¢29)

If an irregularity such as an EPB completely covers the Fresnel zone at a particular altitude, the
signal will have a change in phase compared to a signal with no irregularities within the Fresnel
zone, which results in a change to the signal direction. However, in the absence of significant
plasma density gradients within the irregularity, the change in phase will be reasonably similar
along the signal wave front. Therefore, the change in direction is similar across the wave front
and the signal remains consistent with the original transmission apart from the change in phase.
However, in the presence of small irregularities which do not cover all of the Fresnel zone,
there can be significant differences to the phase across the wave front due to significant
differences in plasma density within irregularities compared to the surrounding region. The

change of phase produces small changes in direction across the wave front. At the ground, the
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convergence of the signal from different regions within the wave front at the irregularity altitude
can produce constructive or destructive interference due to the differences in phase from the
source in the wave front at the irregularity altitude. Therefore, there will be variation in the
received signal amplitude at different locations on the ground. When the thickness of the
irregularity is also considered, variability in amplitude (as well as phase) can be present across
the wave front as it leaves the irregularity (particularly for irregularities with stronger scattering
strength), contributing further to variability in the received amplitude at different locations on
the ground. If the transmitter, receiver, and ionospheric features were fixed in space, the signal
amplitude and phase would vary by ground receiver location but would remain constant in time.
However, even for a fixed ground receiver and a satellite in geostationary orbit, the bulk motion
of the ionosphere and irregularity drift result in variability of the signal phase and amplitude
with time at a receiver location. Small scale irregularities can, therefore, produce the rapid
fluctuations of amplitude and phase defined as scintillation. As the size of the Fresnel zone is
dependent on the wavelength, scintillation effects are also dependent on the transmission
frequency. For example, the radius of the Fresnel zone for frequency Li at 400 km was
determined to be 273 m. Many plasma irregularities will have size in excess of 1 km, so will
have less of an impact at GPS frequencies. However, lower frequencies with a larger Fresnel
zone (as the radius of the Fresnel zone at an altitude is proportional to the square root of the
wavelength, or the inverse square root of the frequency) are more likely to be impacted by
scintillation due to larger plasma irregularities. Therefore, lower frequencies tend to encounter
scintillation more often than higher frequencies. In this work the focus will be on amplitude

scintillation of GPS transmissions at low latitudes.
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2.5. lonospheric Observations

There are numerous methods and techniques for probing the ionosphere. Three of these

techniques contribute directly towards work within this thesis and are described below.

2.5.1. lonosondes

A vertical ionosonde can provide observations of the ionosphere directly above it by sweeping
through a range of transmission frequencies and observing the time taken for the vertical signal
to be refracted back down to the ionosonde. The results can be displayed on an ionogram which
reveals several useful ionospheric characteristics (Figure 10). The virtual height is obtained by
assuming that the transmission is reflected at a single point in the ionosphere but experiences
no other path deviation (i.e. assuming that the peak height of the transmission path is 0.5ct,
where t is the time taken and c is the speed of light). However, the true peak height will be
lower than the virtual height as the plasma density is non-zero along the transmission path
below the point of reflection. Each curve on the ionogram is associated with an ionospheric
layer. The height associated with the lowest point on the curve corresponds to the virtual height
for that layer, e.g. the virtual height of the E layer is shown as h’E in Figure 10. The frequency
associated with the peak of the curve corresponds to the critical frequency already described,
e.g. the critical frequency of the E layer is shown as foE in Figure 10. The ordinary (0-mode)
and extraordinary (x-mode) waves are shown in Figure 10 in green and red respectively.
Software such as the Automatic Real-Time lonogram Scaler with True height (ARTIST) can
be used to autoscale ionosonde output to determine the electron density profile at the ionosonde
location (Galkin et al., 2008). However, care must be taken when drawing conclusions based

on autoscaled output, as such software is not infallible (Themens et al., 2022). Hand scaling of
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ionograms can be used to avoid common autoscaling errors. The colocation of the ionosonde
transmitter and receiver is not essential. Non-vertical ionosondes are referred to as oblique
ionosondes (Sartori, 2021), and can provide information about electron densities along the

skywave paths between the transmitter and receiver.
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Figure 10. Example ionogram (Davis, 1996).

2.5.2. GNSS TEC Observations

The TEC for a ray path represents the integrated electron density along the path. A key aspect
of modern GNSS systems (such as GPS) when determining TEC observations is the use of two

or more satellite transmission frequencies which can be detected by the receiver. The
32



pseudorange (R) of the transmission is an approximation of the distance between the transmitter

and receiver, given by

R =ct, (2.24)

where c is the speed of light in a vacuum and t is the time of flight. The pseudorange is an
overestimation of the true distance due to ionospheric effects on the transmission, and is
dependent on the frequency used. However, by determining the pseudorange for two
frequencies, an estimation of the TEC along the transmission path can be determined. Similarly,
TEC can be determined using the difference in phase between the two signals. However, the
difference in phase does not provide a definitive TEC value. Rather, a TEC value is produced

which is of the form

TECphase = @ + 27f3, (2.25)

for some unknown value . An advantage of calculating the TEC,pqs. is that it is considerably
less susceptible to noise than the TEC value determined from the pseudorange (TECygnge)-
Commonly, a combination of the TECyp4se and TEC,4y, 4. Observations are used to provide a
smoothed TEC value. The TEC,qnge and TECypqs. (When inherent biases and the phase

ambiguity have been removed) are given by

B fLfe
403 x 1015(f2 — £2)

TECrange (Rl - RZ) ’ (2-26)
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12 f 22

40.3 x 1016(f2 — f2)

TECyhase = (&, — @), (2.27)

where TEC is in TEC units (10° electrons per m?) and f; are the transmission frequencies used
for the observations (in Hz). R; (metres) and @; (metres) are the pseudorange and phase range
observations respectively associated with frequency f;. Frequencies commonly used for GPS
TEC observations are L1 (1575.42 MHz) and L» (1227.6 MHz). Therefore, using these

frequencies we have

TECrange = 9.52(R2 - Rl) , (2.28)

TECphase = 9.52(®1 — @), (2.29)

where R; and @, are the pseudorange and phase for frequency L1, and R, and ¢, are the
pseudorange and phase for frequency L.. Methods to create smoothed TEC observations using
TECrange and TECypqqe, and an in-depth discussion of techniques to generate total electron

content (TEC) observations, are provided by Liu et al. (2005).

2.5.3. lonospheric Scintillation Monitors

A commonly used indicator of amplitude scintillation is the S4 index (Briggs & Parkin, 1963),

given by the normalised standard deviation of the signal intensity, i.e.

S4 = /% (2.30)
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where I is the signal intensity of a transmission over a chosen period (commonly 60 seconds).
The S4 index is a useful indicator of scintillation as it is relatively straightforward to compute
and, as S4 can be determined using a single receiver such as a GPS receiver, data is widely
available across many regions. However, S4 does not provide specific information about
irregularity size or strength, as the transmission path direction relative to the magnetic field
direction (and, therefore, the axes along which an irregularity may be elongated) can impact the

strength of the S4 observation.

lonospheric Scintillation Monitors (ISMs) such as those operated by the Australian Space
Weather Services (Australian Bureau of Meteorology Space Weather Services, 2022), use GPS
receivers to detect scintillation occurrences and strength. In this work the Space Weather
Services (SWS) ISM located in Vanimo, Papua New Guinea will be used to provide
observations of low-latitude scintillation. A dual-frequency (L: and L2) GPS receiver with
sampling rate of 50 Hz provides scintillation observations for transmissions from several
satellites. Output for each detected satellite is provided every one minute, including
observations of S4, a satellite identifier number and the azimuth and elevation of the satellite.
ISM observations of S4 will be used to determine the accuracy of low-latitude scintillation

forecasting.
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3. IONOSPHERIC MODELLING

The development of ionospheric models plays a key role in the effort to mitigate ionospheric
effects and to continue improving the understanding of ionospheric physics and processes.
lonospheric models can be classed as empirical, physics-based, or data assimilation models.
Empirical models use observations of the ionosphere to build a climatology of ionospheric
conditions. A key advantage of empirical models is that they tend to be computationally cheap
compared to physics-based and data assimilation models (Forootan et al., 2023). Empirical
models have played an important role in the development of the current understanding of the
ionosphere. However, the climatological nature of output from an empirical model makes these
models unsuitable for nowcasts or forecasts of day-to-day ionospheric variability. Physics-
based models use the underlying physical equations relevant to the ionosphere to propagate
ionospheric conditions forward in time. When the underlying physics is modelled accurately,
physics-based models would be expected to provide greater accuracy for the nowcasting and
forecasting of day-to-day ionospheric variability (Lin et al., 2017). However, assumptions,
simplifications and incomplete physics within physics-based modelling, as well as numerical
errors and uncertainty in appropriate values for key parameters, can be detrimental to the model
forecasting accuracy (Schunk et al., 2012). A key issue for nowcasting and forecasting with
physics-based models is the determination of the initial conditions to use. Even if all of the
underlying physics were able to be modelled perfectly, the model cannot provide a truly
accurate short-term forecast if the model initial conditions do not accurately reflect the real
ionospheric conditions at that time (Schunk et al., 2012). Furthermore, inaccurate
representations of boundary conditions can have significant impacts to modelled ionospheric
conditions. For example, the solar flux is a model boundary condition which will affect

ionisation rates and, therefore, electron and ion densities. The solar flux can also impact
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recombination rates. For example, increased solar activity results in larger densities of
vibrationally excited N2 which increases the recombination rate of O* (Liu et al., 2011). One
way to overcome some of the problems due to inaccurate boundary and initial conditions is to
combine output from an ionospheric model with ionospheric observations: a process referred
to as data assimilation (DA). DA models can use empirical or physics-based models as the
background model, and several DA techniques exist to combine the model output with
observations, such as Kalman filters (Kalman, 1960), ensemble Kalman filters (Evensen, 1994),
optimal interpolation (Daley, 1991), variational analysis (Courtier, 1998; Eyre, 1989; Parrish
& Derber, 1992), and particle filters (Gordon et al., 1993). When an observation value is
available, a key consideration is to estimate the uncertainty of the observation value compared
to the background model. If the observation and model output represent the same variable, the
DA model output can then be a weighted combination of the observation value and background
model values. It is also possible to use observations of one ionospheric variable to estimate the
appropriate change to make to a different variable within the background model output, if the

covariance between the two variables is known or can be estimated.

A number of ionospheric models are under active development around the world. Here specific
focus is given to six models: NeQuick2 (Section 3.1), FIRI (Section 3.2), IRI (Section 3.3),

FIRIC (Section 3.4), TIE-GCM (Section 3.5), and AENeAS (Section 3.6).

3.1. NeQuick?2

NeQuick2 was developed at the Aeronomy and Radiopropagation Laboratory of the Abdus

Salam International Centre for Theoretical Physics (ICTP), Trieste, Italy and at the Institute for
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Geophysics, Astrophysics and Meteorology of the University of Graz, Austria (Nava et al.,
2008). NeQuick2 is the second generation of the NeQuick model and is an empirical global
model of ionospheric electron densities. Electron density profiles are designed to be
numerically integrable to permit calculation of TEC along any transmitter-receiver path. The
NeQuick lower boundary is at an altitude of 90 km. Electron densities below 90 km are
considerably lower than at higher altitudes such as in the F region, so the absence of lower
altitude electron densities is not significant for modelling of TEC. NeQuick2 electron density
profiles from the lower boundary to hmF2 are constructed using the sum of five semi-Epstein
layers (Rawer, 1982) with anchor points at the peaks of the E, F1 and F2 layers. One further
semi-Epstein layer with a height-dependent layer thickness parameter describes electron
densities above the F2 peak, to altitudes of 20,000 km or more. The electron density at altitude

h can be modelled in an Epstein layer (Ngpszein) as

4 Nmax
NEpstein = 7 €Xp (

(1 +exp (—h — Zmax)>

h — hmax

B ) (3.1)

where Nmax is the peak electron density within the layer, hmax is the peak height, and B is
the layer thickness parameter. An Epstein layer is used to describe each of the E region
bottomside and topside, the F1 region bottomside and topside, and the F2 layer bottomside.
Correction factors are applied to Nmax for the bottomside and topside of the E and F1 regions
to ensure that E and F1 region peak densities are correct once all five Epstein layers have been
summed. A “fadeout” function is applied to each h — hmax term in the E and F1 regions to

ensure that multiple peaks are not produced in the F2 layer.

38



The M(3000)F2 is the ratio of MUF (3000) to foF2 (critical frequency of the F2 layer), where
MUF (3000) is the maximum useable frequency (MHz) which can be used to transmit a signal
from a ground transmitter to a ground receiver 3000 km from the transmitter. Monthly median
values of foF2 and M(3000)F2 are determined using the International Telecommunication
Union Radiocommunication Sector (ITU-R) coefficients (Jones & Gallet, 1962), previously
known as the International Radio Consultative Committee (CCIR). foF2 and M(3000)F2 are
used to determine, for example, the F2 bottomside layer thickness and hmF2. hmF?2
calculations also require the solar zenith angle (the angle between the vertical and the direction
of the sun) and the F10.7 solar flux (solar flux with a wavelength of 10.7 cm, used as an
indicator of solar activity). The F10.7 solar flux is required as a model input. F10.7 values
between 63.7 and 193 solar flux units (sfu) may be chosen, and NeQuick determines the twelve

month smoothed sunspot number (R;,) from the F10.7 using

Ry, = /167273 + 1123.6(F10.7 — 63.7) — 408.99,  (3.2)

as, for example, R, is required for the ITU-R coefficients.

A full description of NeQuick?2 is provided by Nava et al. (2008) and references therein. Within
this work the University of Birmingham adaptation of NeQuick2 described by Angling et al.
(2018) is used. The updates to NeQuick?2 included in the University of Birmingham version are:
e Maximum accepted F10.7 input value extended beyond 193 sfu
e Day of month included as input. Output is a linear interpolation of the monthly median

values provided by NeQuick?2
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e hmE (height of the peak electron density in the E layer) is set equal to 110 km rather
than 120 km
e Bottomside taper using a tanh function included to avoid a discontinuity at the

NeQuick2 lower boundary (90 km)

3.2. FIRI

The Faraday-International Reference Ionosphere (FIRI; Friedrich et al., 2018) is a
semi-empirical model of the lower ionosphere (60-150 km). FIRI uses a simple, steady-state
ion-chemical model of the lower ionosphere. Adjustments to modelled electron densities are
made using ionospheric observations obtained using sounding rockets. The adjustments made
are dependent on altitude, latitude, solar zenith angle, day of year, and solar activity (F10.7
solar flux). Output is provided as a database of 1980 electron density profiles, for eleven solar
zenith angles (0°, 30°, 45°, 60°, 75°, 80°, 85°, 90°, 95°, 100°, and 130°), five latitudes (0°, 15°,
30°, 45° and 60°), and three levels of solar activity (F10.7 = 75, 130 and 200) for the middle of
each calendar month. Output is only applicable to the northern hemisphere. For southern

hemisphere output, six months are added to the day of year for northern hemisphere values.

3.3. IRI

The International Reference lonosphere (IR1) is an empirical model of the ionosphere which is
recognised as the international standard (TS 16457) for ionospheric modelling (ISO, 2009). In
this work the 2016 edition of IRl (IRI-2016) is used. IRl source code is available at

irimodel.org, and an online version of IRI-2016 is available at
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ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php. An overview of IRI-2016 is
provided by (Bilitza, 2018) and references therein. Model development began in the 1960s,
sponsored by the Committee on Space Research (COSPAR) and the International Union of
Radio Science (URSI). lonospheric data has been accumulated over many years from several
sources, with current sources of data for IRI including ionosondes, topside sounders, incoherent
scatter radars and low earth orbit GPS radio occultation for electron densities, and in situ
satellite observations and incoherent scatter radars for electron and ion densities and
temperatures. IRl output provides monthly averages (median values) of ion densities and
composition (75-2000 km), ion and electron temperatures (60-2500 km), and electron densities
(65-2000 km during the day, 80-2000 km at night). Output can also include vertical TEC to a
user-specified altitude, and equatorial vertical ion drift. IRl requires input including
geomagnetic (Ap, Kp) and solar indices (R12, and the daily, 81 day average and 12 month
average F10.7). IRI also requires 1G12 input, an indicator of solar activity derived from midday
foF2 measurements from a network of ionosondes. However, if a date for model output is
provided these values can be determined from an internal database. The D, E, F1 and F2 peak
plasma frequency/electron density and peak height can be specified if desired, as well as

the M(3000)F2. If not specified, these parameters will be determined by the model.

Several options are available for underlying models used within IRI1-2016 to determine
ionospheric features. These options, and the model default options, are listed in Table 2. A more
recent version of IRI (IRI-2020) has since been released. However, IRI-2016, including the

default options for IR1-2016 listed in Table 2, is used for IRI output within this work.
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Table 2. Selectable model options and default options for IRI-2016.

IRI-2016 selectable parameters Model options (default in bold)

Sunspot number (R12), ionospheric index | Determined from an internal database if
(1G12) daily and 81-day average F10.7 solar | date selected is between 1952 and current

flux date

Ne topside NeQuick (Nava et al., 2008)
IRIO1-corr (Bilitza, 2004).

IRI2001 (Bent et al., 1972)

Ne F-peak URSI (Fox & McNamara, 1988)

CCIR (Jones & Gallet, 1962)

F-peak storm model On
Off
F-peak height AMTB2013 (Altadill et al., 2013)

SHU-2015 (Shubin, 2015)

BSE-1979 (Bilitza et al., 1979)

Bottomside thickness ABT-2009 (Altadill et al., 2009)
Bil-2000 (Bilitza et al., 2000)

Gul-1987 (Gulyaeva, 1987)

F1 occurrence probability Scotto-1997 no L (Scotto et al., 1998)
Scotto-1997 with L (with F1 ledges)

IRI-95 (DuCharme et al., 1973)

Auroral boundaries On

Off
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E-peak auroral storm model

Off

On

D-region model

IR1-95 (Danilov et al., 1995)

FT-2001 (Friedrich & Torkar, 2001)

Te topside

TBT2012+SA (Truhlik et al., 2012):
includes correction term for solar activity
TBT-2012 (Truhlik et al., 2012)

BIL-1995 (Brace & Theis, 1981)

lon composition

RBV10/TBT15 (Tiiskova et al., 2003;
Truhlik et al., 2015)
DS95/DY85 (Danilov & Smirnova, 1995;

Danilov & Yaichnikov, 1985)

IRI has been used for decades to build up an understanding of ionospheric conditions and

processes (Bilitza, 2018). However, as previously discussed, the climatological nature of IRI is

a limiting factor when attempting to forecast day-to-day variability within the ionosphere. Even

when data assimilation is incorporated into IRl to allow a good representation of initial

conditions, these conditions must swiftly return to climatology in the absence of further

information when conditions are propagated forward in time in real time forecasting. Therefore,

IRI with data assimilation can be a useful tool for nowcasting but is less effective for

forecasting.
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3.4. FIRIC

The FAIM (Fully Analytic lonosphere Model; Anderson et al., 1989) IRl Combination model
(FIRIC; Coleman, 1997) by Coleman has been in continuous development since the 1990s. The
motivation for the development of FIRIC was to create an ionospheric model suitable for
ionospheric ray tracing. A key requirement for ray tracing is that the electron density profile
and the first and second derivative of the electron density profile (with electron density as a
function of altitude) must be continuous to permit calculation of the ray path. To ensure this is
possible, the ray tracer used within this work fits splines to vertical electron density profiles.
However, this can result in unphysical output from the ray tracer if electron density profiles
include sudden changes of gradient or discontinuities. FIRIC has been designed to provide
electron density profiles suitable for the ray tracer. However, this is not necessarily the case for
other numerical models such as IRI. Models, such as NeQuick 2, which fit functions to
empirical anchor points may be more likely to provide suitable electron density profiles for ray
tracing. However, the lower boundary of NeQuick is at 90 km. Therefore, the D region is not
included, which is important for ray tracing due to high levels of signal attenuation within the

D and E regions.

The FIRIC electron density profiles below the peak are described by the sum of four Chapman
layers. The electron density within a Chapman layer (N,) can be expressed as (e.g. Hargreaves,

1992)

N, = N,Chap(a, z)
(3.3
= Npexp (a(l —ZzZ—secy exp(—z))) )
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with

(3.4)

where N, is the peak electron density within the Chapman layer, a is the recombination
coefficient, y isthe solar zenith angle, r is the distance from the Earth’s centre to the electron
density location (i.e. altitude + Earth’s radius), 7;, is the distance from the Earth’s centre to the
altitude of the peak electron density within the Chapman layer, and H is the scale height. In the
E and F1 layers a is set equal to 0.5 (referred to as a-Chapman layer functions), and in the D
and F2 layers «a is equal to 1 (referred to as f-Chapman layer functions). Therefore, the plasma

frequency (MHz) at height h (which is below hmF2) is described using

1
f¥ = c1Chap(1, zy) + c;Chap (E'Zz>

(3.5)
1
+c3Chap (5,23) + c,Chap(1,z,),
with
h — hmD
Z1 = \/Eym—D' (3.6)
_ h — hmE 3.7
Zy = ymE ’ ( : )
_ , h—hmF1 38
%= ymF1 (3.8)
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s0, e.g.,

1
c,Chap (E’ZZ> =cC,-

_ sh—hmF2
= ymF2 '
! 1-2
exp 2 ymE

ymE

h — hmE h — hmE
————— —sec y exp (—2 —)

The peak height for each bottomside layer is defined as

with

hmD = 78 km,

hmE = 110 km,

hmF1 = 0.65hmE + 0.35hmF?2,

hmF2 =

1490

M3000+D

176,

Ri; _H;m
1-(125) exp <1600

D = (0.00232 Ry, + 0.222) 7oF7

0.09

6

+W(R1z —25),

1

FoF

— 1.2 4 0.0116 exp(0.0239 R,,)
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where 6, is the geomagnetic latitude, and foE and foF2 are the critical plasma frequencies in
the E region and F2 region respectively. The value for hmD was determined by taking the mean
hmD from the database of FIRI (Section 3.2) electron density profiles. The hmE value is the
same as in the version of NeQuick described in (Angling et al., 2018). The method used to
determine hmF2 is the same as in the BSE-1979 (Bilitza et al., 1979) option available within

IRI (Section 3.3). The semi-thickness for each bottomside layer is defined as

mD =10, .
ymD =10 (3.16)
R12

ymE =18+ E, (317)
hmF1

ymF1 ==, (3.18)
hmF2 — hmE

ymF2 = % (3.19)

The value for ymD was determined by taking the mean ymD from the database of FIRI (Section
3.2) electron density profiles, in the same manner as for hmD. ymF1 is determined in the same
manner as the RADARC ionospheric model (Thomason et al., 1979), and ymF2 is determined

in a similar manner to that used by NeQuick (Section 3.1) to calculate the bottomside F1 layer

. . hmF1—-hmE
semi-thickness (u)

. A scaling coefficient, c;, is applied to each Chapman layer. c; is

given by

¢, = f,D?, (3.20)
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where f, D is the peak plasma frequency in the D layer. Scaling coefficients c,, c3 and c, are
chosen such that the modelled plasma frequency matches the E, F1 and F2 layer peak plasma

frequencies at the peak frequency heights, i.e.

fp(hmE) = foE, (3.21)
fp(hmF1) = foF1, (3.22)
fp(hmF2) = foF2. (3.23)

Peak plasma frequencies in the D, E, and F1 layers are given by

fo = (A + B X Ry3) cos(X)P cos(x12)?, (3.24)

where y is the solar zenith angle, and y,, is the solar zenith angle at midday local time. Values
for parameters A, B, p and g are chosen to obtain peak frequencies in the D and E regions which
are similar to those provided by the FIRI model. Peak plasma frequencies for the F2 layer are
obtained from the ITU-R (CCIR) coefficients (Jones & Gallet, 1962) in the same manner as IRI

and NeQuick2.

For plasma frequencies above the peak, the F2 layer is represented by an a-Chapman layer

function to improve accuracy (Pignalberi et al., 2018), with

h — hmF?2

—, 3.25
ymFZtop ( )

Zatop —
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and ymF2.,, = 78.6 km. Topside plasma frequencies are, therefore, modelled using

1
fy = c1Chap(1,z,) + c,Chap (E'ZZ)

1 1
+c3Chap (E' z3> + c,Chap (E’Z‘”"p> ) (3.26)

Further corrections can also be provided by FIRIC to account for auroral plasma frequencies

and geomagnetic storms. However, these corrections are not required within this work.

3.5. TIE-GCM

The Thermosphere-lonosphere-Electrodynamics General Circulation Model (TIE-GCM) is a
physics-based model of the ionosphere and thermosphere (Qian et al., 2014; Richmond et al.,
1992) developed by the National Center for Atmospheric Research (NCAR). TIE-GCM
provides a self-consistent representation of the thermosphere and ionosphere, including
interactions between the two (such as dynamo electric fields). The three-dimensional
momentum, energy, and continuity equations are solved at each time step for both neutral and
ion species, using a 3-dimensional grid consisting of latitude, longitude and height, with the

height defined by a log-pressure coordinate system. The pressure level, z, is given by

z=1n("/p), (3.27)

where p is the pressure, and with reference pressure p, = 5 x 1077 hPa (hectopascals). The

lower boundary of TIE-GCM corresponds to z = —7 which equates to a geopotential height of
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approximately 97 km. Geopotential height is a measure of height which takes into account the
variation of gravitational force with altitude and latitude by taking the integral of the
gravitational force from mean sea level to the specified height and dividing by the gravitational
force at mean sea level. The pressure level z = 7 marks the upper boundary of TIE-GCM,

which corresponds to between 500 and 700 km geopotential height depending on solar activity.

TIE-GCM input includes F10.7 solar flux and global geomagnetic activity (Kp index) as well
as temperatures, wind velocities and geopotential heights at each grid point on the lower
boundary. The lower boundary consists of a background field and input files representing
perturbations from the background. The default background field is a spatially and temporally
constant field with geopotential height, neutral temperature, and wind velocity of 96.37229 km,
181.0 K, and 0 ms™, respectively. Other backgrounds can be selected, which provide
climatologies of lower boundary conditions from the Climatological Tidal Model of the
Thermosphere (Oberheide et al., 2011), the Mass Spectrometer and Incoherent Scatter data
thermospheric model (Hedin, 1987), the Horizontal Wind Model (Hedin et al., 1988) or data
from the Upper Atmosphere Research Satellite (UARS). The default method for perturbing the
homogeneous background field is to use Global Scale Wave Model (Hagan et al., 1993) output.
The GSWM solves the linearised and extended Navier-Stokes equations to provide
perturbations from the background field in the form of migrating and non-migrating diurnal and
semi-diurnal tides. TIE-GCM can also use perturbation input from other sources such as the
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) on-board the
Thermosphere lonosphere Mesosphere Energetics and Dynamics (TIMED) satellite (Yee et al.,
2003), or wind speeds from the High Resolution Doppler Imager (Hays et al., 1993) on-board

the UARS. Alternatively, tides can be specified using eigenfunctions of Laplace’s equation for
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tidal motion known as Hough functions (Hough, 1897, 1898). In this work GSWM output is

used to determine lower boundary conditions.

Electron densities, electric potentials, geometric heights (elevation above sea level) and
geopotential heights are available as output at every latitude-longitude 2-D grid point on the
pressure level interfaces; however, most model output is reported at the midpoints between
pressure level interfaces (NCAR High Altitude Observatory, 2016). Further output available
includes: neutral, ion and electron temperatures; zonal (east-west), meridional (north-south) and
vertical neutral winds and ion drifts; vertical atmospheric motion; Joule heating (heating
generated by an electric current); height-integrated Joule heating; vertical total electron content
(TEC); the critical frequency of the F2 layer (foF2); the zonal, meridional and vertical electric
current density and components of the electric and magnetic fields; the magnitude of the
magnetic field; the total heating; carbon dioxide and nitric oxide cooling; the densities of
individual species (atomic and molecular oxygen, atomic and molecular oxygen ions, atomic
nitrogen in its ground and excited states, molecular nitrogen, nitric oxide, helium and argon)
and the total neutral density. TIE-GCM is publicly available in both 2.5° and 5° resolution, and
has also been developed for 1.25° and 0.625° resolution (Dang et al., 2021). Some differences
between the 2.5° and 5° resolution versions are shown in Table 3. In this work TIE-GCM at

2.5° resolution is used.
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Table 3. Features of 2.5° and 5° TIE-GCM v2.0 resolutions.

TIE-GCM resolution 5° resolution 2.5° resolution
Latitude 5° steps 2.5° steps
Longitude 5° steps 2.5° steps
Height (log pressure: -7 to +7) | 0.5 steps 0.25 steps

GSWM tides available for | Diurnal and semi diurnal | Diurnal and semi-diurnal

lower boundary migrating tides migrating and non-migrating
tides
Default model time step 60 seconds 30 seconds
3.6. AENeAS

The Advanced Ensemble electron density (Ne) Assimilation System (AENeAS; Elvidge &
Angling, 2019) is a data assimilation model of the ionosphere and thermosphere. AENeAS
assimilates GNSS total electron content (TEC), true height ionosonde, radio occultation, and
altimeter observations using a variant of the ensemble Kalman filter (Evensen, 1994) called the
Local Ensemble Transform Kalman Filter (LETKF; Hunt et al., 2007), and propagates
ionospheric and thermospheric conditions forward in time using the physics-based TIE-GCM
(Section 3.5) model. NeQuick?2 (Section 3.1) electron density profiles are smoothly attached to
the TIE-GCM upper boundary (~500-700 km depending on solar activity) to provide

continuous electron density profiles up to 20,000 km.

Conventional Ensemble Kalman Filters (EnKFs) combine an ensemble of initial (background)

states with observations, thereby producing an ensemble of updated (analysis) states, which
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should be closer to the true conditions. AENeAS uses the Local Ensemble Transform Kalman
Filter which, like other Kalman filter methods, consists of an update step to assimilate
observations and a prediction step to propagate the conditions forward in time. The LETKF

equations used within AENeAS for the update step are:

A =X,AX,)", (3.28)

)_(a = )_(b + waa ) (329)
1

Xo =X ((k - DA, (3.30)

Descriptions of variables within these equations are provided in Table 4.

Once the update step has been completed, a prediction step is performed to propagate the
analysis state forward in time to the next time step. TIE-GCM is used to propagate each
ensemble member 15 minutes forward in time from the analysis state. The resulting ensemble

forms the new ensemble of background states in the next time step.

The use of LETKF avoids the requirement of calculating the full background error covariance
matrix required for traditional Kalman filters (Kalman, 1960). The computational cost of a
standard EnKF is O(s® + s2k + k?(s +m)), where m, s, and k are the dimension of the state
vector, the number of observations, and the number of ensemble members, respectively.
However, the computational cost of the LETKF is 0(k3 + k?s + k(s + m)) and, generally
(for AENeAS), k « s (Elvidge, 2019). LETKF only assimilates observations from locations

which are within predetermined boundaries in relation to each model grid point (i.e. only
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Table 4. Sizes and descriptions of variables within the LETKF equations used by AENeAS.

Name | Size Description

M Integer Number of variables (each variable is one species, temperature, etc. at
one latitude-longitude-pressure height grid point)

K Integer Number of ensemble members

S Integer Number of observations to be assimilated

Xy m X 1 | The mean of the background ensemble (before data assimilation (DA)
takes place), i.e. one element of X,, represents the mean of the k values
(one from each ensemble member) for one variable

X, m X k | The deviation from the background ensemble mean for each variable
within each background ensemble member

X m X1 | The mean of the analysis ensemble, i.e. the mean of the ensemble
members after the update step

X, m X k | The deviation from the analysis ensemble mean for each variable within
each analysis ensemble member

A m X m | Analysis (updated values) error covariance matrix

A kx1 |w, =A(Y,)T0"1(y, — ¥,). Matrix used to update ensemble mean.

A kxk |A=[k-1I+(Y,)T07'Y,]~t. Matrix used to update perturbations
from the ensemble mean. I is the identity matrix. Note that calculation
of A requires the inversion of a matrix. However, the inversion is
performed on a square matrix with size k X k whereas with traditional
Kalman filters the inversion is performed on a matrix with size s X s.
In AENeAS the number of observations to be assimilated (s) will
generally be far greater than the number of ensemble members (k).

Yo s X1 | Observation values

Y, s Xk |Y, =HX,. The background perturbations from the mean, transformed
by the observation operator H from variable space to observation space
(reducing the matrix size from m X k to s X k)

Vb sx1 | The mean background values transformed from variable space to
observation space

o s X' s | Observation error covariance matrix. Observations are assumed to be
independent, so O is a diagonal matrix. Therefore, calculating the
inverse of O (which is required for w, and A) is very straightforward
and computationally cheap
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observations which are “local” to the grid point location are included within observations to be
assimilated at that grid point). This helps to avoid spurious correlations between parameters and
observations in distant locations. A disadvantage of the LETKF (compared to standard EnKFs)
Is that an observation vector and observation covariance matrix must be determined for each
localisation region. However, these observation vectors and covariance matrices will be far
smaller than the global vector and covariance matrix required for standard EnKFs, and a key
advantage of localisation is that implementation of parallelisation is straightforward. A cartoon

of this localisation of observations is provided in Figure 11.

Grid point x . Grid point x + 1
Observation

used in both
local regions

Observation
only used in
second region

=0
o8NS
SOONID

® Grid points O Local region
® Selected grid A Observation Note: Each observation is used
point A Selected in multiple local regions
observation

Figure 11. Example of data assimilation which only includes data sources from within a chosen
range from each grid point (Elvidge & Angling, 2019). The blue grid point in each plot is the
grid point for which data assimilation is being carried out. The blue circle represents the
boundary of the region in which observations are included for data assimilation (for one grid
point). Triangles represent observation locations, with red triangles representing observations

included in the data assimilation for the relevant grid point.
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For the prediction step, AENeAS uses TIE-GCM to propagate conditions forward in time. Once
the update step has been completed, TIE-GCM input driver values are chosen randomly from
predetermined probability distributions. TIE-GCM is driven by the level of solar and
geomagnetic activity, provided in the form of indices F10.7 (solar flux) and Kp (indicator of
geomagnetic activity). The Kp value is used to determine the cross-tail electric potential (CTP)
and the hemispheric power (HP; an indicator of auroral activity given by the total power in the
auroral zones which has been transferred from the kinetic energy of charged magnetospheric or

solar wind particles) TIE-GCM input values, using

16.82¢(0-32Kp) _ 4 86, (Kp <7)

P= 146.87 (3.31)
153.13 + > (Kp—-17) (Kp>7)

CTP = 15+ 15Kp + 0.8Kp2. (3.32)

An important consideration for the LETKF is whether each new ensemble member contributes
to the estimation of the true state. To achieve this the ensemble member conditions should span
the range of possible states. Also, each new ensemble member should be orthogonal to the
existing ensemble members, i.e. each new ensemble member cannot be made up of a linear
combination of existing ensemble members. In an effort to make orthogonality of ensemble
members and greater possible spread of ensemble member conditions more likely, AENeAS
stochastically selects both the HP and the CTP values rather than calculating them from one
randomly selected Kp value (Lee, 2013). The HP and CTP values are determined by
considering historical Kp data to find the discrete conditional probability distribution of
P(Kp:=1|Kps=o). Let the current Kp value be i. By considering all historical cases when Kp =i,

the proportion of cases for which the next Kp value was j is determined for all possible values
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of j. A Kp value is randomly drawn from this discrete probability distribution and is used to
calculate the HP for the next timestep. Another Kp value is randomly drawn to determine the
CTP. The F10.7 for the next timestep is calculated in a similar manner, by determining the
probability distribution of P(F10.7,-,|F10.7,—,). AENeAS lower boundary conditions are

represented using output from the Global Scale Wave Model (Hagan et al., 1993).
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4. INTRODUCTION TO OVER THE HORIZON RADAR

4.1. Theory

As discussed in Section 2, detrimental impacts to communications can occur when passing
through the ionosphere; however, it is possible to capitalize on some ionospheric effects such
as ionospheric reflection. Skywave Over the Horizon Radar (OTHR) is a method of target
detection which, as the name suggests, is able to detect targets sufficiently distant that direct
line-of-sight observations are not possible due to the curvature of the Earth (Headrick &
Skolnik, 1974). A transmitted signal is directed into the ionosphere where, if the initial elevation
and frequency are not too high, the signal can be reflected back down to the ground with a dwell
illumination region (DIR; the area on the Earth’s surface illuminated by the radar) which is
“over the horizon” from the transmitter (Figure 12). Land terrain, sea waves, or potential targets

of interest present in the DIR can scatter some of the transmitted signal back into the ionosphere,

Beam to receiver
E-Layer Peak Transmitter from target
beam

,” “—:
110 km § Hecexver

Figure 12. Cartoon of an over the horizon radar. Copyright University of Birmingham.

58



where it can be reflected back down to the ground in a region which includes the location of
the OTHR receiver. Unwanted signals received by a radar are referred to as “clutter”. Therefore,
scattered signal from terrain or sea waves may be referred to as “ground clutter” or “sea clutter”,
which consists of the integrated signal scattered from all terrain or waves in the DIR to the
receiver. A necessary aspect of OTHR is, therefore, the ability to distinguish a target of interest
from the clutter. This can be achieved if the signal from the target has been Doppler shifted
(Skolnik, 1990). If, for example, a target is travelling over land toward or away from the
transmitter and receiver, the signal which is scattered by the target will be Doppler shifted. The
terrain surrounding the target is stationary so produces clutter which is centred on a Doppler
shift of zero. There is some spread of the land clutter line into non-zero Doppler shifts, for
example due to ionospheric motion along the ray paths. If the Doppler shift of the target is
sufficient to fall outside of the clutter line, the target will be far easier to detect as the signal
strength only needs to be greater than the noise, rather than noise plus clutter. It is possible to
detect targets in a clutter dominated environment, however the clutter strength is dependent on
the type of terrain (e.g. mountainous regions or cities will generally produce stronger clutter
strength than smoother terrain for a backscattered signal; e.g. Fabrizio, 2013). Clutter lines from
DIRs over water exhibit different behaviour. If the water is still then backscattered clutter
strength will be very low as most of the signal will be forward-scattered (e.g. Fabrizio, 2013).
If, however, the water is not still, two clutter lines (or Bragg lines) may be produced (Barrick,
1971; Crombie, 1955) which are approximately equidistant from zero Doppler shift (unless the
radial speeds of water surface currents are high). An example of sea clutter returns is provided

in Figure 13, showing a pair of Bragg lines roughly equidistant from zero Doppler shift.
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Figure 13. Sea clutter returns from a high frequency surface wave radar. Two clutter lines
(Bragg lines) with Doppler spread are formed, which are shown within the vertical dashed lines

(Guo et al., 2021).

The ray path peak altitude is dependent not only on electron density (Section 2.4), but also the
elevation angle and frequency of the transmitted signal, as discussed by (for example) Fabrizio
(2013). Generally, the higher the initial elevation and frequency, the greater the electron density
required to refract the signal sufficiently to return it to the ground, as demonstrated in Figure
14 for a fixed frequency. Therefore, if the electron density along the ray path is not sufficiently
high the ray will pass through the ionosphere. Also, if using a fixed frequency and sweeping
through elevations, ray paths will have peaks at different altitudes for the same frequency
(Figure 14). Ray paths with low and high initial elevations may reach the ground at the same
location, but propagation paths with peaks at lower altitudes will generally have shorter group

path range. The group path range (GP) is given by:
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GP=c"T,, (4.1)

where c is the speed of light and Ty is the time taken for the signal to reach a location from the

transmitter, so GP is an indicator of the distance travelled along the ray path. Although lower
propagation paths will generally result in lower GP when the transmission reaches the target or
receiver, the propagation path losses can be greater for lower propagation paths, particularly if
the transmission refraction is such that the ray path spends more time in the D and E region.
This is due to higher neutral densities in these regions (compared to the F region), which will
produce higher rates of signal absorption (Zawdie et al., 2017). Multiple propagation paths can
also be generated by interactions with the Earth’s magnetic field (creating ordinary and

extraordinary ray paths). However, in this discussion the magnetic field will not be considered.

Ray trace at 12 MHz
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Figure 14. Example of ray tracing through a modelled ionosphere.
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4.1.1. Monostatic Configuration

In a monostatic OTHR configuration the transmitter and receiver are co-located. A pulsed
waveform can be used to ensure that there is no direct transmitter-to-receiver signal, however,
use of a continuous waveform permits higher radar sensitivity (Fabrizio, 2019). A distance of
around 100 km between the transmitter and receiver is generally sufficient to permit use of a
continuous waveform without a direct transmitter-to-receiver signal (Basler, 1997). As this
transmitter-receiver distance is much smaller than the distances to locations being observed by
the radar, this configuration is referred to as pseudo-monostatic or quasi-monostatic. For ease,
in this subsection we will assume a monostatic configuration in which the transmitter and

receiver are co-located.

In a monostatic configuration, for a direct line-of-sight radar, the Doppler shift or Doppler

frequency (fp) of the signal scattered from a target is given by (Barlow, 1949) :

2vp vp VR U3
_ 2R (4 VR VR VR 42
- < e (4.2)

where vy is the radial speed of the target with respect to the transmitter/receiver location and
look angle, A is the wavelength of the transmitted signal and c is the speed of light in a vacuum.
The Doppler shift occurs on the transmitter-target and target-receiver ray paths, thereby
producing the factor of two. For skywave propagation, there are also Doppler frequency
contributions from temporal changes to ionospheric conditions along the ray path (e.g. due to
ionospheric motion). The Doppler shift (§f) experienced by radio waves propagating through

a slowly varying ionosphere in which collisions are neglected is given by (Davies et al., 1962):
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where f is the frequency, c is the speed of light in a vacuum and Z—IZ is the rate of change of the

phase path with time. The dependence of the Doppler frequency on the target radial speed can
be problematic for target detection. For example, if a target is moving with direction
perpendicular to the transmitter-target direction, the target’s radial speed is zero. Therefore, the
Doppler frequency is (assuming a constant ionosphere) also zero and, on land, the target will

be within the single land clutter line, which is centred on a Doppler shift of zero.

In a monostatic configuration the transmitter-target and target-receiver ray paths will be very
similar unless there are sudden changes in ionospheric conditions along the ray paths. As such,
the number of viable propagation paths, n,,, will produce at least n,, distinct sets of landing
points (when no landing point regions overlap, i.e. the propagation path is the same for both the
transmitter-target and target-receiver legs), and up to n,,? distinct sets of ray path landing points
corresponding to each possible combination of n,, outward ray paths and n,, return ray paths (if
all landing point regions overlap for at least one location). When some of these sets of landing
points overlap, multiple propagation paths provide coverage for a particular region. For
example, if two propagation modes are possible in a region, four sets of landing points can be
produced. One set corresponds to ray paths with the lower propagation mode on both the
transmitter-target and target-receiver ray paths. One set will correspond to ray paths with the
higher propagation mode for both the transmitter-target and target-receiver ray paths. The

remaining two sets will correspond to the lower propagation mode on one leg and the higher on
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the other. As such, the group paths in these two sets (with a monostatic configuration) will be
very similar to each other, and will fall between the other two sets of group paths. The integrated
propagation path losses will be dependent on the magnitude of the group path. However, ray
paths with extended regions within the D and E region will have higher losses due to absorption
resulting from higher neutral densities (and, therefore, higher ion-neutral collision frequencies)
within these regions. Therefore, the propagation mode with the lowest group path is not always

the propagation mode with the lowest propagation path losses.

4.1.2. Bistatic Configuration

When the transmitter and receiver are not co-located the scenario becomes a little more
complicated. The maximum possible number of propagation mode combinations (n,,) is now

given by

M = Ny * Ny (4.4)

where nr, and ng, are the number of viable propagation modes for the transmitter-target and
target-receiver ray paths respectively. The minimum number of viable propagation mode
combinations is zero, as it is possible for the sets of transmitter-target landing point ground
ranges and receiver-target landing point ground ranges to include no overlapping regions for
transmitter-target and receiver-target illumination regions (assuming that the set of all
target-receiver and all receiver-target ray paths for a particular target location can be considered
to be identical but in the opposite direction). In regions for which multiple propagation paths

are possible for both the transmitter-target and target-receiver legs, the range of landing point
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ground ranges resulting from the combination of, for example, an E region transmitter-target
propagation mode and F1 region target-receiver propagation mode is likely to be distinct from
the combination of a F1 region transmitter-target propagation mode and E region target-receiver
propagation mode (whereas in the monostatic configuration these would be very similar). This
is due to target-receiver ground ranges which may be different from the transmitter-target
ground ranges, and differing ionospheric conditions along the transmitter-target and
target-receiver ray paths. An example of group paths from different bistatic combinations of

propagation modes is shown in Figure 15, with two viable propagation modes for one leg and

Group range plotted against target range from tx
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1450 1500 1550 1600 1650
Range of Target from tx (km)

Figure 15. Example of multiple propagation modes in a modelled bistatic OTHR configuration.
One leg has two propagation modes which are viable over the full range of ground ranges from
the transmitter (tx) shown. The other leg has three viable propagation modes. Two of these
produce ray paths with very similar transmitter-target-receiver (rx) group paths and are viable
over the full range of ground ranges shown. The third propagation mode is only viable for
ground ranges between about 1430 and 1520 km, so for ground ranges of 1430-1520 km there
are six viable propagation mode combinations whereas ground ranges of 1520-1650 km have

four viable propagation mode combinations.
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three viable propagation modes for the other. As for the monostatic configuration, propagation
path losses at each target location will be dependent on both the total group path and the distance

along the ray path which is within lower altitudes with higher neutral densities.

4.1.3. Using Skip Zones to Avoid Direct Transmitter-Receiver Skywave Paths

One issue when using a bistatic configuration is the potential presence of direct
transmitter-receiver skywave paths, i.e. a transmitted signal which is reflected by the ionosphere
directly to the receiver location. The signal from these direct skywave paths will generally be
much stronger than the signal from transmitter-target-receiver ray paths as the total group path
will be smaller and the strength of the signal will not be diminished by the signal scattering at
the target. As such, the OTHR would need to be sufficiently sensitive to distinguish the weak
signal which has been scattered by the target from the stronger direct skywave signal. A way to
avoid this issue is the use of skip zones. Skip zones are transmission frequency dependent
regions surrounding the transmitter for which, for sufficiently high transmission frequencies,

the transmission cannot be received by direct skywave propagation (e.g., Landeau et al., 1997).

To explain the existence of skip zones, we must first consider the critical frequency. For a
vertical column extending through the ionosphere, the (vertical) critical frequency is the
maximum plasma frequency within the column. The critical frequency provides an
approximation of the maximum vertically transmitted frequency which would be reflected by
the ionosphere back to the ground. Generally, if the transmission frequency is above the critical
frequency a signal directed vertically upward will pass through the ionosphere and will not be

reflected back to the ground. However, it may be possible for a signal with the same
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transmission frequency to be refracted back to the ground if an initial elevation below 90° is
chosen. Using the secant law, the critical frequency (f.) when non-vertical initial elevations

are used is given by

fc = f,sec@, (4.5)

where f,, is the vertical critical frequency and 8 is the angle between the ray path and the vertical
below the ionosphere (e.g., Fabrizio, 2013). This is an extremely simplified case in which
collisions, the Earth’s magnetic field and the curvature of the Earth are ignored. However, it is
clear that when using the same frequency, lower initial elevations can result in the transmission
being refracted back to Earth whereas higher elevations would result in the transmission passing
through the ionosphere. As a result, when using a frequency which is above the vertical critical
frequency, a “skip zone” around the transmitter location can be created. In the skip zone the
transmitted signal cannot be refracted back down to the ground as the higher elevations which
would allow the ray path to land at this location result in the ray path passing through the
ionosphere. The skip zone is, therefore, a region containing the transmitter in which the
transmitted signal cannot be detected via a skywave path. Higher transmission frequencies will
generally produce larger skip zones, as the maximum useable initial elevation will be lower

when using higher frequencies.

Skip zones can be used to avoid direct transmitter-receiver skywave paths. For chosen
transmitter and receiver locations, if a sufficiently high transmission frequency is used the
receiver location will lie within the transmitter skip zone (Figure 16). The minimum frequency

for which the receiver lies within the transmitter skip zone can be referred to as the skip
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frequency. By only using transmission frequencies above the skip frequency the presence of a
direct transmitter-receiver skywave path can be avoided. However, the skip frequency is
dependent on ionospheric conditions and will, therefore, be dependent on factors such as solar

activity, season, and time of day.

Skip zone of Target

transmitter d

I Transmitter

] Receiver

Figure 16. The skip zone of a transmitter.

4.1.4. Minimum Detectable Radar Cross Sections

As with line-of-sight radars, the radar cross section (RCS) of a target is a contributing factor to
the success or failure of target detection. The RCS is dependent on the size, orientation, and
construction material of the target, and is also dependent on the transmission frequency. For
example, for OTHR frequencies, a large ship may have RCS between 25 and 50 dB m?
depending on the orientation of the ship with respect to the direction of the transmitted beam.

To determine the effectiveness of an OTHR system in a particular location and set of
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ionospheric conditions, the minimum detectable radar cross section (MDRCS) can be
determined. The MDRCS represents the smallest RCS which is able to be detected when using
a selected frequency, i.e. the smallest RCS such that the received signal will exceed the noise.
To determine the MDRCS we must first consider the over-the-horizon form of the radar

equation (Skolnik, 1990) for signal to noise ratio (SNR), where

Pr X Gr X Gg X CIT X A* X 0 X F,

SNR =
N x L x (4m)3 x R* ’

(4.6)

where Py is the transmitted power (W), G and Gy are the transmitter and receiver antenna gain
respectively, CIT is the coherent integration time (s; the radar dwell time allowed for Doppler
processing), A is the transmission wavelength (m), o is the target radar cross section (m?), N is
the noise power per Hz (W s), L is the combined transmission path and systems losses, and R
is the distance along the transmitter-target-receiver path (assuming a monostatic configuration).
E, is the propagation factor, resulting from several phenomena including multipath effects and
focussing or defocussing of rays, which in favourable conditions can increase the SNR by
3-6 dB (Fabrizio, 2013). It should be noted that the OTHR equation represents the SNR when
clutter is not present. By rearranging the OTHR equation, we can determine the minimum radar
cross section (o,,i,) required to ensure that the signal is at least equal to the noise (SNR = 1),

such that

B N X L x (4m)3 x R*
Imin = b X Gr X Gg X CIT X 22 X F,

4.7)

69



2
The free space path loss, (?) , for the transmitter-target ray path, the free space path loss for

the target-receiver ray path, propagation path losses due to ionospheric absorption (from L),
and propagation factor effects can be combined into a single variable, T gLoss, which represents
the integrated total losses along the transmitter-target-receiver path. Therefore, o,,;, can also

be described by

_ A*XTgLloss X N X Lg 4.8)
Imin = 40 CIT X Gy X G X Py’ '

where Lg is the system losses. It can be seen that the size of RCSs which are able to be detected
by an OTHR system are dependent on the ray path propagation losses (and, therefore, the
ionospheric conditions) and noise, including system losses. However, by increasing the
coherent integration time, transmitter or receiver gain, or transmitted power, smaller targets are

able to be detected.

4.2. Operational OTHR Systems

Skywave OTHR systems are known to have been developed in several countries including the
US (Thomason, 2003), Australia (Wise, 2004), and France (Bazin et al., 2006). For example,
the Jindalee Operational Radar Network (JORN) is a network of three OTHRs in Australia
which are used for surveillance, primarily of the region to the north of Australia (Holdsworth
et al., 2022). As described by Fabrizio (2013), skywave OTHR systems may use initial
transmission elevations from about 5 to 45 degrees. This elevation range, along with the

azimuthal beamwidth, determines the size of the DIR. A typical DIR can have ground range
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depth of 500 to 1000 km and cross range of 200 to 500 km. However, as described by (for
example) Fabrizio (2013), the DIR can be separated into grid cells to permit finer resolution

when detecting targets. Grid cells have cross range length (Ax) given by:

Ax =rAb, (4.9

where r is the ground range from the transmitter to the grid cell border (to calculate the DIR

arc length at this ground range) and A8 is the azimuthal cell size resolution, given by:

A8 = (4.10)

o~ >

where A is the transmission wavelength and L is the length of the receiver. The grid cell ground

range depth size (Ay) is given by:

Ay = — (4.11)

where c is the speed of light and B is the transmission bandwidth. Therefore, the cross range
resolution is dependent on the size of the receiver whereas the ground range resolution is only
dependent on the transmission bandwidth. A difficult issue to overcome with operational OTHR
systems is that of coordinate registration, i.e. determining the location of the ray path landing
point (for terrain and targets on the ground). One way to overcome this issue when using a
monostatic configuration is to take advantage of identifiable geographical features in the area

of interest (Washburn, 1971) such as coastlines (Anderson, 1995). As previously discussed,
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land clutter consists of a single clutter line whereas sea clutter has two distinct clutter lines.
Therefore, the transition from one to two clutter lines (or vice versa) can be used to determine
the geographical coordinates of the radar signal if the direction of transmission is known.
Alternatively, if current ionospheric conditions are known, estimations can be made of ray path
landing point locations and, therefore, target locations. One method used to estimate
ionospheric conditions along the ray path is to use instrumentation such as an ionosonde to
determine conditions at one (or more) location. Ideally, if using one vertical sounder, this would
be located roughly halfway between the transmitter and the area of interest for illumination to
enable estimation of plasma frequencies at the desired ray path peak location, thereby providing
an estimate of elevations and transmission frequencies which will illuminate the desired
location. If ionospheric conditions are similar along the ray path then an ionosonde location
away from the peak is not necessarily problematic. Oblique sounders may also be used to
determine ionospheric conditions at particular locations along the ray path. This approach may,
however, be less successful when ionospheric conditions are more variable along the ray path,
such as at high latitudes, when part of the ray path is within low-latitude regions impacted by
the equatorial fountain effect, or when the ray path crosses or is close to the day-night
terminator. Alternatively, an ionospheric model can be used to estimate ionospheric conditions
along the ray path, particularly in locations where observations are not available. With a
representation of ionospheric plasma frequencies or electron densities, ray paths can be traced
through the modelled or observed ionospheric conditions to determine estimations of where the
landing points of the ray paths will be when using the operational system. Other useful
information such as propagation path losses can also be estimated. The accuracy of ray tracing

will increase as the accuracy of the ionospheric specification increases; therefore, the use of an
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accurate ionospheric model, such as a high-quality data assimilation ionospheric model (e.g.

AENeAS; section 3.6), would be beneficial to increase the accuracy of ionospheric ray tracing.

4.3. Ray Tracing

4.3.1. Virtual Path Ray Tracing

Work on predicting ray paths through the ionosphere, or ray tracing, has been ongoing for about
a century. The Breit-Tuve theorem (Breit & Tuve, 1926) shows that the group path of a ray
which is reflected by the ionosphere (Figure 17: path ABC) is equal to the group path of an
imaginary straight reflected path in a vacuum with the same initial elevation from the
transmitter and which is reflected at the virtual height (Figure 17: path ADC), known as the
virtual path. Martyn’s theorem (Martyn, 1935) shows that the group path of an oblique ray path
(P") can be well approximated using the group path of a vertical ray which is reflected by the

same ionospheric layer (P',), such that

A C

Figure 17. Ray path and virtual ray path with identical group paths (Breit & Tuve, 1926).
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1
p'=——P,, 4.12
cosli, v ( )

where i, is the oblique ray path angle of incidence with the ionosphere (i.e. i, + 8, = gwhen

the curvature of the Earth is ignored, where S, is the initial transmission elevation). However,
if using the same frequency the peak height and virtual height of a vertical ray path will be
lower than for an oblique ray path. The secant law provides a good approximation of the
frequency required to obtain a vertical ray path (f,,) which has peak height and virtual height

equal to the oblique ray path peak height and virtual height, given by

fo = (4.13)

where f, is the frequency used for the oblique ray path (this method can be used for both
ordinary (o-mode) and extraordinary (x-mode) ray paths). Therefore, under the assumption that
ionospheric densities are horizontally layered (so electron density profiles are identical along

the ray path) and ignoring the curvature of the Earth, the group path is given by

2h,

cosi,’

P = (4.14)

where h,, is the virtual height of the vertical ray path when using frequency f,,. The distance

(D) between the transmitter and the landing point is, therefore,

74



2k,
~ tanf,

(4.15)

In this way, the use of a vertical ionosonde can provide an estimation of the location of the ray
path landing point. However, over longer distances ignoring the curvature of the Earth will

result in larger errors for this estimation.

In Figure 18, although not to scale, the geometrical problem of including the Earth’s curvature
is shown. The transmission is sent from point A, has peak virtual height at C and returns to the

ground at D. We see from Figure 18 that

C

™, Base of ionosphere

D

Earth’s surface

Figure 18. Cartoon of the geometrical problem of calculating transmitter-target ground ranges

when the curvature of the Earth is incorporated (not to scale).
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a

tanip = ———,
Mo =50+ h)

(4.16)

where i, is the oblique angle at the virtual peak (angle ACF), a is the chord length AD (i.e. %a

is the length AF), z,, is the virtual height (CG), and h is the smallest distance from the centre of
the chord to the circumference (FG). We can write h = r — b, where r is the radius of the Earth
(i.e. EG) and b is the distance from the centre of the Earth (E) to the mid-point of the chord (F).

b can be defined as

b=rcos@, (4.17)

where 6 is the angle AEF, and %a can be defined as

%a=rsin9. (4.18)
Therefore,

h=r—rcosf =r(1—cosh), (4.19)
SO

tani, = rsind (4.20)

z, +7(1 —cos@)’
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as provided by Smith (1937).

The ground range between A and D is simply the length of the arc between these two points
which are both on the circumference of a circle (the Earth’s surface, assumed to be spherical).

The ground range (D) is, therefore, given by

D, =126, (4.21)

as @ is the angle AEF (in radians) which is half the angle AED. Therefore,

9 =-2, (4.22)

or, with the ground range in km and the oblique angle in degrees,

180 D D
o — G _ G

~ ) (4.23)
27T 222.4

This was also provided by Smith (1937), but was incorrectly reported as Ziﬂ .
G

Alternatively, the geometry of Figure 18 can be used to provide the ground range as a function
of initial elevation and peak virtual height. The line of sight along the ground from the
transmitter is shown as line AJ. Therefore, the initial elevation angle from the transmitter, S,,
is the angle CAJ. By considering the triangle with vertices at A, C, and E, and using the sine

rule,
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r+ 2z, T

sin(,80+%) _sin(n—ﬁ—[ﬁ0+%])'

(4.24)

as angle CAE is 8, + g and, therefore, angle ACE ism — 60 — [ﬁo + g] as angle AEC = angle

AEF = 0. Therefore,

: T
9_7-[ _ r51n(,80+7) 405
=3 B, — arcsin Ttz , (4.25)
and, from equation 4.20, the ground range (D) is given by
. i
T ~ [rsin (,80 + 7)
D; =2r| = — B, — arcsin| ———== (4.26)

2 r+2z,

Rather than calculating the distance directly in this way, the group path can also be used to
estimate the ground range between the transmitter and a target as, using the Breit-Tuve theorem,
the “time of flight” of the ray path from transmitter to target to receiver can be used to determine
the group path with the assumption that the ray is travelling at the speed of light in a vacuum.
If ionospheric conditions at the locations of the ray path peaks are known this can provide an
estimate of the target location. The methods described do, however, require knowledge of the
oblique angle of the ray at the base of the ionosphere. As shown in Figure 18, the oblique angle
at the virtual peak (ACF) is not the same as the oblique angle at the base of the ionosphere

(point H) when the Earth’s curvature is considered, as the ionosphere is not parallel with the
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chord AD. Therefore, a correction factor is required when using the secant law to determine the
appropriate frequency for a vertical sounder to use for estimating the oblique virtual peak

(Smith, 1939).

4.3.2. Analytical Ray Tracing

An alternative method, which provides greater accuracy, is analytical ray tracing, in which
equations can be used to describe the electron density profile along the ray path (De Voogt,
1953). Equations are then used to describe properties of the ray path as it progresses within the
ionosphere. Therefore, the closer the model ionosphere is to current ionospheric conditions, the
greater the accuracy of the analytical ray tracing. A key advantage of ray tracing compared to
the methods discussed so far is that estimations of propagation path losses may be significantly
more accurate as the ray path through the model ionosphere is more accurate than using the
virtual path (assuming that the ionospheric model is a reasonable representation of true
conditions). This is particularly important in the D and E region as the propagation path losses
can be high in these regions (Section 2.4; Zawdie et al., 2017) due to the presence of higher

neutral densities.

If the refractive index can be described as a function, it may be possible to use Snell’s law to
analytically determine the path the ray takes as it passes through the model ionosphere.
Consider a very small increment of the ray path within the ionosphere, such that the ray path
can be considered to be straight along the increment. Let the increase (on the upward leg) in
altitude along this increment be dr and let i represent the angle between the ray and the normal

to the ionosphere at the end of the increment. As discussed, if the spherical nature of the
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ionosphere is ignored then the virtual path from the ground to the peak is such that (Smith,

1937)

tani. — rsin @ 427)
anlo_zv+r(1—c059)' (4
However, using the same method for the small increment, we have
1, Ssin 46
tani = h (4.28)

or + m,(1 — cos 30)’

where 96 is the angle at the Earth’s centre between the start and end of the increment, and 1y, is
the distance from the Earth’s centre to the start of the increment. As the increment is small, 060
is very small. As d6 — 0, sindf — 6 and cosd8 — 1. Therefore, using the small-angle

approximations:

Thae

tani = (4.29)

when the increment is small. Using this approach, but with angle g such that £ is the angle
between the ray path and the tangent to the ionospheric layer at the start of the increment, Croft
and Hoogansian (1968) described a method to provide exact values (for the modelled
ionosphere) for the ray position, group path, and phase path along the ray path. The increment

is now described using
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or
tan g = 90" (4.30)

Using Bouger’s rule, in a spherically symmetric ionosphere (and ignoring collisions and the
Earth’s magnetic field), r,u cos B is constant along the ray path, where u is the refractive index.

Therefore,

TRU COS B = Tyl COS By, (4.31)

where 1, is the Earth’s radius, p, is the refractive index at the ground, and g, is the initial

elevation angle. The refractive index in free space is one. Therefore,

5 €OS By
cosff = ——, 4,32
B - (4.32)
and
7 €0s Bo\°
h

Therefore, the ground range for the ray path increment (0D;;) is given by

dD; = 1,00, (4.34)
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dr cos 8
Oy, sinf ’

10T _ Ty COS By
Th 2 ’
Ty COS
T 1-— ( 0 O)
h#\/ TR

B 702 cos By or
- )

Ty Th2U% — 1% cos? By

and the ground range for the total ray path from the transmitter to the landing point (D) is

given by

Tt

D, = zf To” cos fy dr (4.35)
¢ r\T2u? — 152 cos? B ' '
0 0

To

where 7, is the distance from the Earth’s centre to the ray path peak. The group path and phase
path can be obtained using similar approaches. Appleton and Beynon (1940) defined the square

of the refractive index as

21ty fEY?
2 + 24,2’
f2ym  [*yh

w2=1- (4.36)

where f is the critical frequency of the ionospheric layer, f is the operating frequency, y,, is
the layer semi-thickness, and y is the height above the base of the layer. Substitution into
equation 4.34, and incorporating a simplification (as the distance from the ground to the base

of the ionospheric layer is very small compared to the Earth’s radius) provides an analytic
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approximation of ray path characteristics. The refractive index is related to the electron density

such that
(4.37)

where N,, is the peak electron density within the ionospheric layer, and F = fi . Therefore, the

parabolic function used by Appleton and Beynon to describe the electron density within the

layer is

2 1
N, =N, (— - —Zyz), (4.38)
Yo VR

or equivalently, using the notation of Croft and Hoogansian (1968),

N, = N,, [1 - (r ;mrm)zl , (4.39)

where 1 is the radial distance from the Earth’s centre, and 1, is the radial distance from the
Earth’s centre to the peak electron density within the layer. However, a key development from
Croft and Hoogansian (1968) was to choose a quasi-parabolic function to describe the electron
density within an ionospheric layer such that an exact analytic solution could be found for the

ground range, group path, and phase path. Describing the electron density with
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N, =N, ll _ (r ;mr’”)z (r_”)zl , (4.40)

where 7, is the radial distance from the Earth’s centre to the base of the layer, results in u?

defined as

W=1-— (rm _ r)z (r—b)2 (4.41)

within the ionospheric layer. Allowing u? = 1 below the base of the ionosphere provides a sum
of two integrals for ground range, group path and phase path which can be solved analytically,

such as the solution

( )

To €OS By B? — 4AC

D¢ = 2ry i(y Bo) — In > (4.42)
e e
4C | siny +— \/_+—B)f
2V/C

provided by Croft and Hoogansian (1968), where

1 Ty 2
-1 _ 4.43
A=1 2 (F ym) ' (443)
2 2
p=_=mb (4.44)
F2ys,
ToTm z
C = ( ) — 1 cos? f3,, (4.45)
F 9, 0 Bo
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and y is the angle between the ray and the base of the ionosphere, such that

To
cosy = —-cos Bo (4.46)
b

which can be determined using the sine rule for the triangle with vertices at the Earth’s centre,
the transmitter location, and the point at which the ray path meets the base of the ionosphere,

i.e.

To Tp

sin (5 — ) _sin (8o +73) | (4.47)

This approach was developed further by Dyson and Bennett (1988) by representing the electron
density profile using multiple quasi-parabolic segments (QPS). This permitted profiles which
could more accurately represent ionospheric conditions but which were still able to solved
analytically. To avoid erratic behaviour when the ray moves from one QPS to another, QPS
electron density values and gradients at the end of a QPS would match the value and gradient
at the end of the adjoining QPS (i.e. the profile and the first derivative of the profile are both
continuous). This was developed further by Chen et al. (1992) to include a perturbation value

which provided an approximation of the x-mode ray characteristics.

A fundamental issue with the approaches discussed so far is the dependency on a spherically
symmetrical ionosphere. As previously discussed, in a real ionosphere the electron density
profile may vary significantly along the ray path, which will result in horizontal electron density
gradients (Elvidge, 2022). One method used to address this issue and introduce horizontal
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plasma density gradients to the model ionosphere is to shift the centre of the spherically
symmetric model ionosphere so it is no longer collocated with the Earth’s centre. By shifting
and tilting the Earth up to the base of the ionosphere, or shifting and tilting the ionosphere,
horizontal and vertical gradients can be produced (e.g., Folkestad, 1968). As the model
ionosphere is still spherically symmetrical, Bouger’s rule holds so exact analytic solutions are
possible. However, this approach will not necessarily provide vertical and horizontal gradients
which are an accurate reflection of real current ionospheric conditions. An alternative approach
to incorporate variability along the ray path is the Segment Method Analytical Ray Tracing
(SMART) technique, which involved separating the ray path within the ionosphere into several
distinct sections (Norman & Cannon, 1997). At the start of a section, a QPS model is fitted to
a modelled or observed (or combination of both) electron density profile using the method
described by Chen et al. (1990). This QPS is used to determine the ray path behaviour within
the section. Within the section the ionosphere is assumed to be spherically symmetrical so
analytic solutions within the section can be obtained. This method is applied at each section
boundary, with the ray path behaviour at the end of a section used to determine the initial ray
path elevation at the beginning of the next section. Therefore, if the QPS electron density
profiles are assumed to be accurate, the model accuracy improves with an increasing number
of sections. This 2-dimensional approach improved accuracy by considering horizontal
gradients along the ray path. However, this was later extended to a pseudo 3-dimensional
approach (Norman et al., 2012) which also took into account horizontal gradients transverse to

the ray path, including the resulting azimuthal variation of the ray path.

An alternative method for ray tracing is referred to as numerical ray tracing. Analytic ray tracing

can provide a relatively computationally cheap approach (compared to numerical ray tracing)
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which provides an acceptable level of accuracy for many processes; however, numerical ray

tracing can provide greater accuracy if required.

4.3.3. Numerical Ray Tracing

The Haselgrove equations (Haselgrove & Haselgrove, 1960; Haselgrove, 1957, 1963) provide
the basis for a numerical calculation of ray paths through a model ionosphere, which also takes

the Earth’s magnetic field into account. The equations provided by Haselgrove (1963) are:

dx‘ = Ju; — KYv;, (4.48)
dul OY

T La_xl + Z(Kuj + MY, a—] (4.49)

with

J=221 =X =Y )p+Y(1 + (v-u)?)}, (4.50)
K=-2X(u-v)(pY — 1), (4.51)
L=Y(1-Y)p2—2(1-X-Y?)p-Y, (4.52)
M =2Xp(Py — 1), (4.53)

where x;, x,, and x5 are the Cartesian coordinates of a point on the ray path, u = (uy, u,, u3)
is a vector parallel to the wave path normal (i.e. the direction of propagation at point

(x1,%2,%3)), Y = (V},Y,,Y3) is a vector parallel to the Earth’s magnetic field, which has length

2
Y = F?” where Fy and F are the gyrofrequency and transmission frequency, X = % where F,
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is the plasma frequency, and t is a dummy variable. The parameter p is derived from the

Appleton-Hartree equation, such that

A-X-Y)HDp?2+YQ+ v -w)d)p—(v-u)?=0. (4.54)

The positive and negative roots in the solution to the quadratic for p represent the ordinary and
extraordinary rays respectively. The Haselgrove equations involve the application of
Hamiltonian equations to propagation through a model ionosphere. However, Coleman (2008)

showed that the Haselgrove equations could also be derived directly from Maxwell’s equations.

A key advantage of numerical ray tracing is that the model ionosphere does not need to be
represented by functions. Rather, the ionosphere can be represented by a grid of plasma
frequency values obtained from an ionospheric model, observations, or combination of both.
Therefore, the model ionosphere can provide a more accurate representation of true ionospheric
conditions. As mentioned, a further advantage of this method is the inclusion of effects due to
the Earth’s magnetic field. Haselgrove’s equations are still used in modern numerical ray
tracing methods and toolboxes, such as the Provision of High-frequency Raytracing Laboratory
for Propagation studies (PHaRLAP; e.g. Cervera & Harris, 2014). An example of PHaRLAP
output using the 3D engine based on Haselgrove’s equations with Cartesian coordinates is
shown in Figure 19. Another 3D model developed by Jones and Stephenson (Jones &
Stephenson, 1975) uses a time-varying adaptation of the Haselgrove equations with spherical
polar coordinates. These models have been used as the basis for many studies, and several later
models are based on the Jones and Stephenson model, e.g. the IONOspheric Ray Tracing

(IONORT) model (Azzarone et al., 2012).
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Figure 19. Example output of 3D ray tracing from PHaRLAP (Cervera & Harris, 2014). The
green line represents the ray path when the Earth’s magnetic field is ignored. The blue and

red lines show the o-mode and x-mode ray paths respectively.

A significant disadvantage of 3D ray tracing with Haslegrove’s equations is the computational
expense. With the continuing improvement in computational speed, in recent decades the use
of numerical ray tracing has become more viable. However, for an operational OTHR system
some operations can require ray tracing for many rays in near-real time. The computational
expense of 3D numerical ray tracing can, therefore, be prohibitive, which has been a driving
factor in the continued development of analytical ray tracing techniques described in Section
4.3.2. For the same reason, there has also been a focus in recent decades in developing

numerical ray tracing approaches which are less computationally intensive. Coleman (1998)
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developed a 2D numerical ray tracing method which was much faster than 3D methods. The

change in position of points along the ray path are described by

d(6Q) or 6u 62 2
a0 m o

1 ou? 1\ [6érou? 5
BUE D 7?“30]'

d(51‘) or Q Q Sr aluz
de W[ Tz Q2 (7 5 Q5Q>l : (4.56)

(4.55)

1/2
where Q = [ ((Z—;) + rz) ,  is the distance from the Earth’s centre, 8 is the angular

coordinate along the great circle path, §Q and &r are the variations in Q and r, and u is the
refractive index. To account for the Earth’s magnetic field a correction factor can be used. For
example, when determining the group path for the ordinary and extraordinary modes the

correction factor Cg, given by

Ce = (2’]%) (P' - P), (4.57)

is added to the group path with no magnetic field, where £ is the longitudinal gyrofrequency
at the ray path midpoint, f is the operating frequency, P’ is the group path, and P is the phase
path. This approach was generally able to achieve levels of accuracy comparable with 3D
numerical ray tracing; however, in more extreme examples (e.g. ray paths travelling through
ionospheric disturbances) there is a notable reduction in accuracy. It should also be noted that,

as this approach is two-dimensional, azimuthal variations between the ordinary mode and
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extraordinary mode ray paths (as seen in Figure 19) and azimuthal variations due to transverse
horizontal gradients in plasma density will not be captured. PHaRLAP provides users with the
ability to produce ray paths using analytical ray tracing, 2D numerical ray tracing using the
approach by Coleman (1998), and 3D numerical ray tracing as previously described. In this
work an OTHR model incorporating an updated version of Coleman’s 2D ray tracing will be

used to test the viability of a multistatic OTHR configuration.
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5. ASSESSING THE VIABILITY OF A MULTISTATIC OVER THE HORIZON

RADAR

5.1. Multistatic Over the Horizon Radar

As discussed in Section 4.1, Doppler shifts to the scattered signal from a target can be used to
separate the target signal from the background clutter; however, as the Doppler shift is
dependent on the target-transmitter and target-receiver radial speeds, it is possible for a target
to accidentally or deliberately maintain a course which results in the target signal remaining
within clutter lines. Detection of the scattered signal by multiple receivers in different locations
would make “hiding” in the clutter far more difficult as the target signal Doppler shift would
be different at each receiver location. This approach would also provide the opportunity to
determine the target velocity. The Doppler shift detected at a receiver is an indicator of the
radial speed, which is dependent on the transmitter-target-receiver geometry; however, this
radial speed does not provide the target velocity on a single radar sweep. For example, for a
particular radial speed with a co-located transmitter and receiver, a target may be travelling
directly toward the transmitter and receiver at the observed radial speed or could be travelling
in a different direction at a higher speed. However, as the transmitter location is fixed,
consideration of observed Doppler shifts at multiple receiver sites permits calculation of the

target velocity from a single radar sweep.

The development of an operational multistatic over the horizon radar (MOTHR) system, i.e. an
OTHR system with multiple receivers, would involve many challenges. A conventional over
the horizon radar (OTHR) configuration for target detection can involve a transmitter with array
length exceeding 100m and receivers with lengths which can exceed 1 km. The identification

of viable locations for several of these large structures would clearly be problematic. To address
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this issue, an alternative approach to the conventional OTHR configuration has been proposed.
Rather than one large transmitter and multiple enormous receivers, the proposed approach will
require one very large transmitter and multiple receivers which are very small and cheap.
Within this work the model transmitter is assumed to be 2.5 km in length and is capable of a
transmitting power of 2 MW. The receivers are assumed to be simple dipole receivers with 0
dB of gain. An advantage of using such small receivers is that they will be easily relocatable.
Receivers could even be placed on small ships, thereby providing a network of receivers which
could be redeployed whenever required to provide OTHR coverage in regions of interest. It
should be noted that coordinate registration for bistatic configurations will be far more difficult
than for a monostatic configuration. The availability of a very accurate ionospheric model (such
as a real-time data assimilation model) will, therefore, be vital for the successful operation of
the MOTHR. It would also be sensible for one of the receivers to be positioned in a pseudo-
monostatic configuration (e.g. located about 100 km from the transmitter) as coordinate
registration will be less problematic for this receiver. In this work the pseudo-monostatic
receiver is also assumed to have 0 dB of gain. However, in an operational system the
construction of a larger array for the pseudo-monostatic receiver (and any others which are not

intended to be relocatable) would enable the detection of smaller targets.

5.2. Over the Horizon Radar Modelling

In this work an OTHR model developed by C.J. Coleman will be used to test the viability of
the MOTHR concept. Ray tracing is performed through output from an ionospheric model
(FIRIC: Section 3.4) using a 2D numerical approach based on the method described by

Coleman (1998). This provides output including the ground range from the transmitter, altitude,
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group path, phase path, and propagation path losses at multiple points along the ray path. Ray
paths are produced for a chosen frequency and transmitter bearing with initial elevations from
5° to 45° in 0.5° steps. Any ray path which has a peak altitude greater than 120 km and returns
to the ground is included in the analysis. The ray tracing output at the ray path landing point
(i.e. altitude = 0) is stored. The minimum and maximum landing point ground ranges from all
considered initial elevations are determined. Model output will be provided for a fixed number
(51 by default) of equally spaced landing point locations (model target locations) between the
location of the minimum ground range landing point and the location of the maximum ground
range landing point. For each of the target locations, ray tracing is performed from the receiver
in the direction of the target location (using the assumption that the target-receiver and
receiver-target ray paths are identical) in the manner described for the transmitter-target ray
paths. Ray paths using each pair of subsequent transmitter-target initial elevations are
considered in turn. Once a pair of landing point ground ranges is found such that the target
ground range lies between the two ray path ground ranges, linear interpolation is performed on
the ray tracing output to determine the group path, phase path, and propagation path losses at
the target location. This is repeated for each pair of subsequent initial elevations, with each
successful pair providing output for the target location using a different propagation mode. This
approach is repeated for the receiver-target ray paths. The combined output of the transmitter-
target and receiver-target output provides the group paths, ray paths, and propagation path
losses for the transmitter-target-receiver paths, using each successful combination of
transmitter-target and receiver-target propagation modes. The propagation path losses are then
used to calculate the minimum detectable radar cross section (MDRCS), i.e. the smallest target
radar cross section which can be detected. From equation 4.7, when system losses are

disregarded and following conversion to dB m?, the MDRCS is given by
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(5.1)

A2 X TgLoss X N
MDRCS = 10 logy, .

4t X CIT X Gy X Gg X Pr

The model provides output for up to 51 target locations (as some target locations may not have
any viable receiver-target propagation modes), showing the transmitter-target-receiver MDRCS
value for each combination of viable transmitter-target and receiver-target propagation modes.
Figure 20 and Figure 21 show examples of OTHR model output for MDRCS values and group

paths respectively for a bistatic configuration at midday (local time).

In this work only one-hop skywave propagation is considered (i.e. all paths are of the form
transmitter-ionosphere-target-ionosphere-receiver) and receiver locations are assumed to be
remote. The frequency dependent galactic noise and external noise at the receiver site are
calculated using the Radio Noise Model (RNM) developed by Coleman. External noise at a

remote location (n,) with the RNM corresponds closely to noise for a “quiet rural” site (Figure

22) from the International Telecommunication Union model (ITU, 2019), and is given by
_ f
ne =40 —-12.161n(3), (5.2)
for frequency f (MHz). Galactic noise (n,) from the RNM is given by

n, =39 —9.555In (g) , (5.3)
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Figure 20. MDRCS (dB m?) at 1200 LT on a frequency of 13 MHz.
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Figure 21. Group path at 1200 LT on a frequency of 13 MHz.

which differs by no more than 2 dB from the International Telecommunication Union (ITU)
model (Figure 23) and is comparable with the external noise at a RNM remote and ITU quiet

rural site. The ionospheric model used for ray tracing is the FIRIC model, described in Section
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Figure 22. Environmental noise at the receiver site as determined using the 1ITU model (ITU,
2019) and the RNM by Coleman. RNM noise values for a remote (rem) location with RNM

(green dashed line) corresponds closely to a quiet rural location with the ITU model (green

solid line). Noise power (dB W) per Hz is obtained by subtracting 204 dB.

3.4. To gain an understanding of OTHR performance for a range of environmental conditions,
MDRCS values will be considered for ionospheric conditions representative of March, June,
September and December, at 0000 UT and 1200 UT, and with low and high solar activity
(F10.7 =80 and F10.7 = 160). FIRIC input includes the smoothed 12 month sunspot humber
(R12) as an indicator of solar activity. Conversion from F10.7 to R1 is performed using the

method applied within the NeQuick model, where

Ry, = \/167273 + 1123.6(F10.7 — 63.7) — 408.99.  (5.4)

Therefore, low and high solar activity conditions will be represented using Ri> = 21.8 and

R12 = 115.9 respectively.
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Figure 23. Galactic noise (GN) values from the ITU model (ITU, 2019) and the RNM.

For a chosen frequency, when using elevations with landing points close to the edge of the skip
zone, the signal strength can be increased due to a phenomenon known as skip focussing (or
leading edge focussing). This occurs due to the convergence of low and high elevation ray
landing points at the edge of the skip zone. Skip focussing is a real, observable phenomena.
However, as a target enters the skip zone the signal strength will decrease rapidly until the target
is no longer detectable by the receiver. It is, therefore, important that when reporting the
capability of an OTHR configuration, this performance is not dependent on skip focussing as
the target may only be detectable for an extremely short period. To avoid this issue, the ray path
landing point for the chosen frequency and bearing (from all initial elevations between 5° and
45°) which is closest to the transmitter is assumed to be representative of the edge of the skip
zone. Only rays which land at least 50 km further from the transmitter than the edge of the skip
zone are included in the analysis. Therefore, targets with RCS equal to the MDRCS will be
detectable for the time it takes to travel a radial distance of 50 km towards the transmitter. For
example, in the worst-case scenario in which the target is travelling directly towards the
transmitter, a target travelling at Mach 1 would be observable for at least 2.5 minutes, whereas

a hypersonic vehicle travelling at Mach 20 would be observable for at least seven seconds.
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5.3. Maps of Minimum Detectable Radar Cross Sections: Multistatic Configuration with

One Bistatic Receiver

Within this work a fictitious transmitter (tx) is positioned in Cornwall, England (-5.7°E,
50.1°N), with a pseudo-monostatic receiver located 100 km north-west of the transmitter. A
bistatic receiver (R1) location is arbitrarily chosen as the location determined by travelling 500
km south-west from the transmitter and then travelling a further 500 km south-east (-6.0°E,
43.5°N). This bistatic configuration is shown in Figure 24, including an example target location
and FIRIC ionospheric conditions representative of 1200 UT in June with low solar activity
(F10.7 = 80). In this example the transmitter-target distance is greater than the target-receiver
distance. Also, the critical frequency is generally greater along the target-receiver path than for
the transmitter-target path. Therefore, ray path properties (e.g. propagation path losses) on the
transmitter-target path may be significantly different from the properties on the target-receiver
path. Ray tracing is performed for transmitter azimuths in 1° steps from 175° to 275°. A one
degree latitude-longitude grid determines pixel size and location for maps of MDRCS and
propagation path loss values. The minimum MDRCS or loss output value from all target
locations within a pixel represents the smallest target which can be detected by the OTHR
configuration at that location. Pixel minimum values are plotted on coverage maps, e.g. Figure
25. The example in Figure 25 shows MDRCS values which can be achieved in one test case
(1200 UT in June with F10.7 = 80) when using one transmission frequency (10 MHz). Under
these environmental conditions the skip frequency for the direct skywave tx-R1 path is 9.4
MHz. A frequency is chosen which is above the skip frequency to avoid a direct skywave path
between the transmitter and receiver: in this example, 10 MHz. The left-hand plot shows
MDRCS values which can be achieved when using the pseudo-monostatic configuration. The

middle plot shows MDRCS values for the bistatic configuration with receiver R1. The right-
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Figure 24. Bistatic OTHR configuration with transmitter (tx), bistatic receiver (R1), and an
example target location. lonospheric conditions shown are representative of 1200 UT in June

with low solar activity (F10.7 solar flux = 80 sfu).

hand plot shows the maximum (worst) of the monostatic and bistatic MDRCS values at each
location (i.e. the greater of the two pixel minimum values). This provides the minimum RCS
which can be detected at a location by both the monostatic and bistatic receivers simultaneously.
Figure 26 uses the same approach to display propagation path loss values. Monostatic OTHR
coverage is available at all considered transmitter bearings for ground ranges from about 1000
km to less than 1500 km from the transmitter. The coverage area is reduced for the bistatic
configuration in the region close to the receiver location as rays which have been scattered by

the target are unable to be reflected to the receiver location (so effectively the receiver is within
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June 1200UT, F10.7=80, 10MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 25. MDRCS values which can be detected by a pseudo-monostatic (left) and bistatic
(middle) configuration at a frequency of 10 MHz. The lowest MDRCS which can be detected
by both receivers simultaneously is also shown (right). Purple arcs represent points with
distance 1000, 2000, 3000, 4000 and 5000 km from the transmitter. lonospheric conditions are

representative of 1200 UT in June with F10.7 solar flux of 80 sfu.

June 1200UT, F10.7=80, 10MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 26. Lowest loss values for a pseudo-monostatic (left) and bistatic (middle) configuration
at a frequency of 10 MHz. The lowest possible losses for both configurations simultaneously

are also shown (right). The ionospheric conditions are identical to those used in Figure 25:

1200 UT in June with F10.7 = 80 sfu.
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the skip zone of the target). It should, however, be noted that if the transmitter bearings used
extended beyond 275° the coverage area for the bistatic configuration would be larger. The
coverage area for both receivers simultaneously (composite) is reduced further, as some of the
bistatic coverage area is outside the monostatic coverage area. OTHR coverage is now
considered when multiple frequencies are available for use. Figure 27 shows MDRCS values
which can be achieved when frequencies from 10 to 15 MHz (in 1 MHz steps) are available.
Again, the performance of the monostatic (left), bistatic (middle), and multistatic (right)
configurations are shown. However, note that the multistatic (composite) plot shows the
MDRCS value that can be achieved by both the monostatic and bistatic receivers
simultaneously when using the same frequency. Also, the coverage area is not indicative of the
area in which target detection is possible at one instant in time (unless all considered frequencies
could be used simultaneously). Rather, it is the area for which observations could be made if
frequencies from 10 to 15 MHz are available. Figure 28 provides the frequency used at each
location to obtain the MDRCS values in Figure 27. The lowest propagation path losses are
displayed in Figure 29. Coverage for the monostatic configuration extends to ground ranges of
about 2500 km or more for all considered transmitter bearings. The coverage area for the bistatic
and composite configurations are similar to the monostatic coverage area apart from the region
close to receiver R1. Also, the composite coverage area includes a large region in which targets
with a RCS in excess of 5 dB m? can be detected by both receivers simultaneously. Figure 30,
Figure 31, and Figure 32 show the MDRCS, best frequency, and loss maps when frequencies
up to 20 MHz are available. Coverage now extends to ground ranges of 3500 km or more.
Again, away from the edges of the coverage area, it is possible for both receivers to detect

targets with RCS greater than 5 dB m? simultaneously.
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June 1200UT, F10.7=80, 10-15MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 27. MDRCS values when a range of frequencies from 10 -15 MHz can be used in a
pseudo-monostatic (left) and bistatic (middle) configuration. The best (lowest) MDRCS values

that can be observed by both receivers when using the same frequency is also shown (right).
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Figure 28. Frequencies used to obtain the lowest MDRCS values in Figure 27.
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June 1200UT, F10.7=80, 10-15MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 29. Minimum losses associated with the conditions for Figure 27 and Figure 28.

June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 30. MDRCS values when a range of frequencies from 10-20 MHz can be used in a
pseudo-monostatic (left) and R1 bistatic (middle) configuration. The best MDRCS values that

can be observed by both receivers when using the same frequency is also shown (right).
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June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
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Figure 31. Frequencies used to obtain the lowest MDRCS values in Figure 30.

June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz

Monostatic Bistatic Composite

Figure 32. Minimum losses associated with the conditions for Figure 30 and Figure 31.

A second bistatic receiver, R2, is now included in the analysis. The location of R2 is chosen in
a manner similar to R1, travelling 500 km south-west from the transmitter site followed by
travelling 500 km north-west. Figure 33, Figure 34, and Figure 35 show OTHR coverage with
the same environmental conditions and frequencies chosen previously (1200 UT in June with
F10.7 = 80 and frequencies of 10-20 MHz), but using bistatic receiver R2 instead of R1. Note

that good coverage is now possible for the bistatic and composite configurations in the region
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close to receiver R1 for which bistatic or composite coverage was not possible when using
receiver R1. Similarly, coverage is not possible close to receiver R2 when using receiver R2.
However, coverage can be provided for this region when using receiver R1. This suggests that

widespread coverage is possible when using multiple receivers located in different regions.

June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=8.9MHz
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Figure 33. MDRCS values when a range of frequencies from 10-20 MHz can be used in a
pseudo-monostatic (left) and R2 bistatic (middle) configuration. The best MDRCS values that

can be observed by both receivers when using the same frequency is also shown (right).
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Figure 34. Frequencies used to obtain the lowest MDRCS values in Figure 33.
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June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=8.9MHz
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Figure 35. Minimum losses associated with the conditions for Figure 33 and Figure 34.

5.4. Maps of Minimum Detectable Radar Cross Sections: Multistatic Configuration with

Two Bistatic Receivers

OTHR performance is now considered when the multistatic configuration consists of one
transmitter and three receivers. The pseudo-monostatic receiver and bistatic receivers R1 and
R2 are in the locations discussed in the previous subsection. However, the OTHR performance
is now assessed for signals detected by the pseudo-monostatic receiver as well as either receiver
R1 or receiver R2 simultaneously and using the same transmitted frequency. Target detection
using two receivers simultaneously provides the benefits previously described, i.e.
determination of target velocities and an increased likelihood of detecting targets against noise
rather than noise plus clutter. The requirement of including the pseudo-monostatic receiver
permits coordinate registration for the pseudo-monostatic configuration which is far less
problematic than attempting coordinate registration independently for a bistatic configuration.

The signal scattered by a single target which is detected by each receiver will have had identical
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transmitter-target ray paths. A challenge of multiple return signals is identification of which

monostatic target detection corresponds to each target detection by a bistatic receiver.

Figure 36 provides the MDRCSs which can be detected by both the pseudo-monostatic receiver
and bistatic receiver R1 or R2 when using the same transmitted frequency. Conditions are
identical to those in the previous subsection, i.e. 1200 UT in June with F10.7 = 80 sfu.
Frequencies up to 20 MHz are considered, with the minimum transmission frequency used
determined as the minimum frequency (in steps of 1 MHz) such that all receivers lie within the
skip zone of the transmitter (in this test case the minimum frequency used is 10 MHz). Coverage
is possible for nearly all locations (within the transmitter bearings considered) with distances
(ground range) of between 1000 and 4000 km from the transmitter. Targets with RCS of

0 dB m? or greater are detectable by two receivers over much of this coverage area.

June 1200UT, F10.7=80, 10-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=>5deg
direct path skip freq=8.9MHz
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Figure 36. Lowest MDRCS achievable with both the pseudo-monostatic receiver and either
receiver R1 or R2 (left) when using the same frequency. The frequency which produced the
lowest MDRCS (middle) and lowest possible transmitter-receiver losses (right) for both the

pseudo-monostatic and a bistatic receiver are also provided.

Alternative test cases will now be considered to determine how changes to ionospheric
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conditions affect the MOTHR performance. One test case parameter (month, time of day, solar
activity) will be adjusted in turn to provide a direct comparison with the MOTHR performance
displayed in Figure 36. Test case conditions for Figure 36-Figure 39 are provided in Table 5.
Details of the MOTHR coverage area and typical MDRCS values achievable within the
coverage area are also provided, and can be viewed in the corresponding figures. As before, the
lowest frequency used is determined as the lowest frequency which results in a skip zone which
includes all three receiver locations. However, only frequencies of 4 MHz and above will be
included in any analysis to avoid the inclusion of lower frequencies which would be difficult to

use in a physical system.

Table 5. lonospheric conditions for test cases considered in Figure 36-Figure 39. Changes in

test conditions from the test case in Figure 36 are highlighted in yellow.

Figure No | Month F10.7 | Time of | Coverage area | Coverage area | Typical
day minimum maximum MDRCS
ground range | ground range
Figure 36 | June 80 1200 UT | ~1000 km ~3500 - 4000 | 0 dB m?
km
Figure 37 | June 160 1200 UT | ~1000 km ~3000 - 3500 | 0 dB m? (to
km ~3000 km)
Figure 38 | December | 80 1200 UT | ~1000 km ~2500 km -20 dB m?
Figure 39 | June 80 0000 UT | ~1000 km ~3000 km -20 dB m?

Electron densities are generally greater during high solar activity, resulting in ray paths with

low initial elevations (which generally travel to landing points with higher ground ranges)
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having their peak height at lower altitudes. Therefore, during higher levels of solar activity
(Figure 37) the maximum ground range for the coverage area has decreased compared to
coverage during low solar activity (Figure 36). However, lower (better) MDRCS values can be
observed for ground ranges ~1500-2500 km, again due to lower peak altitudes. Note, however,
that the region for which the optimal frequency is 20 MHz is much larger during high solar
activity. If the maximum transmission frequency was increased beyond 20 MHz the greater
electron densities during high solar activity would support skywave propagation with higher
frequencies during these times. This would be likely to extend the maximum ground range for
the coverage area, and to reduce MDRCSs for ground ranges above 2500 km. Figure 38 shows
MDRCSs for conditions representative of 1200 UT in December with F10.7 = 80 sfu. Higher
peak electron densities (nearly as high as 1200 UT in June with F10.7 = 160 sfu) and lower
peak electron density height compared to the daytime June test cases result in ray path peaks at
much lower altitudes. The coverage area maximum ground range is reduced further in this test
case. However, the lower peak altitudes result in shorter ray paths and considerably lower
MDRCS values within the coverage area. As for the June test case with high solar activity,
ionospheric conditions would appear to support skywave propagation with higher transmission
frequencies. The coverage area in Figure 39 (0000 UT in June with F10.7 = 80 sfu) also presents
a reduction in the coverage area maximum ground range and considerably lower MDRCS
values when compared to the test case in Figure 36. During the night, lower altitudes in the
ionosphere are no longer illuminated and recombination reduces electron densities. The D and
E region effectively disappear and ray paths avoid the increase in propagation path losses due
to these regions. Therefore, it is possible to achieve considerably lower MDRCS values during
the night. In this test case the depletion of F region electron densities is much less severe so

skywave propagation can still be supported in the F region. Note that skywave propagation is
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not supported for frequencies above 17 MHz. Therefore, the reduction in peak plasma
frequency (around 0.5 MHz compared to midday) is sufficient to reduce the maximum ground
ranges for the coverage area, as higher peak plasma frequencies would support skywave

propagation when using higher transmission frequencies with low initial elevations.

June 1200UT, F10.7=160, 11-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=10.1MHz

20

&
Best Freq (MHz)

5
MDRCS (dB m?)

Figure 37. As Figure 36, but with increased solar activity (F10.7 = 160 sfu). Lowest MDRCS
achievable with both the pseudo-monostatic receiver and either receiver R1 or R2 (left) when
using the same frequency. The frequency which produced the lowest MDRCS (middle) and
lowest possible transmitter-receiver losses (right) for both the pseudo-monostatic and a

bistatic receiver are also provided.
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December 1200UT, F10.7=80, 11-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=9.4MHz
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Figure 38. As Figure 36, but December. Lowest MDRCS achievable with both the
pseudo-monostatic receiver and either receiver R1 or R2 (left) when using the same frequency.
The frequency which produced the lowest MDRCS (middle) and lowest possible transmitter-

receiver losses (right) for both the pseudo-monostatic and a bistatic receiver are also provided.

June 0000UT, F10.7=80, 7-20MHz,
tx array length=2544.0m, tx power=2.0MW,
CIT=4s, min elevation=5deg
direct path skip freq=6.4MHz
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Figure 39. As Figure 36 but for 0000 UT. Lowest MDRCS achievable with both the
pseudo-monostatic receiver and either receiver R1 or R2 (left) when using the same
frequency. The frequency which produced the lowest MDRCS (middle) and lowest possible
transmitter-receiver losses (right) for both the pseudo-monostatic and a bistatic receiver are

also provided.
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5.5. Worst Case MDRCS

Comparing MDRCS values and coverage areas for individual test cases can provide useful
information about variability in MOTHR performance under specific ionospheric conditions.
However, it would also be useful to consider what sort of performance could generally be
expected regardless of season or time of day. To this end the worst case MDRCS is considered.
MDRCS coverage maps are determined using the approach described in the previous
subsection, for test cases which include every combination of season (March, June, September,
December), time of day (0000 UT, 1200 UT) and F10.7 solar flux (80 sfu, 160 sfu) considered
in this work. The worst (highest) MDRCS value corresponding to a pixel across all 16 test cases
determines the worst-case scenario MDRCS for that location, providing an indication of the
MOTHR performance which can generally be expected at all times (not including less common
ionospheric conditions such as geomagnetic storms). MDRCS values of 0 dB m? or less are
achievable for most locations with ground ranges between 1750 and 2500 km from the
transmitter across all test cases (Figure 40, left). However, if 0000 UT in December with
F10.7=80 is excluded this coverage area is increased (Figure 40, right). Targets with RCS
greater than 0 dB m? are now detectable at most locations with ground range between 1250 and
2500 km from the transmitter. This demonstrates that the MOTHR configuration is capable of
detecting a variety of targets, such as ships, aircraft, and smaller targets such as missiles. Figure
41 provides the OTHR performance when only the pseudo-monostatic receiver is used. It can
be seen that coverage areas in Figure 41 are very similar to Figure 40. However, MDRCS values
are 6-10 dB m? lower than MOTHR MDRCS values over a significant region of the coverage
area. Therefore, A MOTHR configuration can be used without a loss of coverage area
(compared to a monostatic configuration) for targets with RCS greater than 0 dB m?. However,

smaller targets could be detected by the pseudo-monostatic receiver alone when required.
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Worst Case MDRCS - All Cases

MDRCS (dB m?)

Worst Case MDRCS - Excluding Dec 00UT F10.7=80 )

%

i
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Figure 40. MDRCSs which are achievable using both the pseudo monostatic receiver and either

bistatic receiver R1 or R2 at 0000 and 1200 UT in March, June, September, and December

with F10.7 = 80 and F10.7 = 160 (left). MDRCS values for the same set of conditions but

excluding 0000 UT in December with F10.7 = 80 are also shown (right).

Worst Case MDRCS - All Cases

MDRCS (dB m?)

Worst Case MDRCS - All Cases

MDRCS (dB m?)

Figure 41. As Figure 40 but using only the pseudo-monostatic receiver. MDRCSs which are

achievable using the pseudo-monostatic receiver at 0000 and 1200 UT in March, June,

September, and December with F10.7 = 80 and F10.7 = 160 (left). MDRCS values for the same

set of conditions but excluding 0000 UT in December with F10.7 = 80 are also shown (right).

As discussed in Section 5.1, it would be beneficial for the network to have relatively small

receivers for ease of redeployment when desired. However, it should also be noted that using

larger or more efficient receivers (compared to the simple dipole receivers with 0 dB of gain

used in these simulations) will improve MOTHR performance further. A large-scale permanent
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structure for a pseudo-monostatic receiver would also provide obvious benefits for the detection
of smaller targets. Future work could include incorporating antenna and array gain patterns
which provide better (and more realistic) antenna performance. This would impact the results
discussed due to taking into account different transmitter and receiver gains when transmitting

or receiving in different directions with respect to the orientation of the array.

It should be noted that within this work a monthly median climatological ionospheric model
(FIRIC) has been used for ray tracing. Therefore, the ray tracing output and OTHR simulations
discussed do not provide information about the variability of OTHR performance around these
average conditions. Future work could include investigation into the variability of OTHR
performance with, for example, ionospheric specification from AENeAS. This would provide
useful insight into the true capabilities of a real OTHR system, such as the proportion of times

for which the OTHR would be able to detect targets with a specified RCS.
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6. USING AN IONOSPHERIC MODEL FOR LOW-LATITUDE SCINTILLATION

FORECASTING

This chapter is an extended version of (Nugent et al., 2021).

In Sections 4 and 5 the effects of ionospheric refraction and reflection on HF transmissions
have been discussed. However, the magnitude of propagation path deviation due to ionospheric
refraction (and, therefore, the likelihood that ionospheric reflection takes place) is dependent
on the transmission frequency. Global Navigation Satellite Systems (GNSS) transmissions, e.g.
Global Positioning System (GPS) transmissions, are commonly used by many industries
(Hapgood, 2017; Hapgood et al., 2021). The frequencies used for GNSS are much higher than
HF frequencies, so the effects of ionospheric refraction on GNSS transmission paths are very
small. However, as discussed in Section 2.4.2, GNSS communications (and other trans-
ionospheric transmissions) can be impacted by ionospheric refraction and diffraction when

passing through plasma irregularities, resulting in ionospheric scintillation.

6.1. Low-Latitude Scintillation Forecasting

At low-latitudes ionospheric scintillation can occur due to the presence of an equatorial plasma
bubble (EPB: Section 2.3.4) on the transmission path. The development of equatorial plasma
bubbles has been shown to be correlated with the magnitude of the pre-reversal enhancement
(PRE) vertical plasma drift (Basu et al., 1996; Fejer et al., 1999; Kil et al., 2009). EPB
occurrence has also been associated with the presence of atmospheric waves, such as gravity
waves (Abdu et al., 2009; Tsunoda, 2010), which can produce the perturbations required to

initiate the Rayleigh-Taylor instability as they propagate upwards from lower altitudes.
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Anderson et al. (2004) suggested that the “seeding” mechanism for EPB generation can be
considered to be present at all times, so the necessary and sufficient condition for EPB
formation is a large PRE vertical plasma drift; however, later work has demonstrated that, whilst
the probability of EPB generation increases with increasing PRE vertical plasma drift, large
vertical plasma drifts do not guarantee the presence of EPBs (Huang & Hairston, 2015; Kil et

al., 2009), possibly due to a lack of the perturbations required to initiate EPB generation.

In order to mitigate the effects of low-latitude scintillation several approaches have been
developed to forecast the occurrence of plasma irregularities. lonospheric observations have
been used for regional scintillation forecasts by applying methods such as machine learning and
data mining (e.g. Rezende et al., 2010) or by considering the temporal change of the observables
and then propagating them forward in time using forecasts of irregularity drift (Groves et al.,
1997). Observations used to forecast EPB generation/scintillation include S4 (Groves et al.,
1997), total electron content (Sridharan et al., 2012; Sunda et al., 2017; Tanna et al., 2013), the
virtual height associated with a specified plasma frequency (Anderson et al., 2004; Sousasantos
et al., 2017), the minimum F layer virtual height (h’F; de Lima et al., 2014; Redmon et al.,
2010; Rezende et al., 2010; Sridhar et al., 2017), the F2 layer o-mode critical frequency (foF2;
Bagiya et al., 2014), ultraviolet spectographic imagery (Kelly et al., 2014), and coherent scatter
radar and planar Langmuir probe observations of electron densities (Costa et al., 2011). A
drawback of these approaches is the absence of significant antecedence because observations
for a specified region generally need to be made around the time of local sunset. An alternative
approach which allows greater antecedence is the use of an ionospheric model. A model also
makes forecasting possible for regions with limited ionospheric observations such as over

oceans.
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Empirical ionospheric models can capture the global climatology of EPB formation, structure,
longevity, and decay, including the resulting scintillation effects. There is, however,
considerable day-to-day variability around this climatology. Retterer (2010) noted that their
ionospheric plume model would not accurately predict ionospheric variability if it was driven
only by empirical models. This is because, unless the empirical models were adequately
parameterized, the output would represent averages or binnings that would suppress the
day-to-day variability. Several empirical models have been shown to include inaccuracies when
nowcasting or forecasting scintillation due to the description of conditions in terms of statistical
parameters (Forte & Radicella, 2005; Hamel et al., 2014; Priyadarshi, 2015). A physics-based
model may, therefore, be more successful at representing day-to-day variability when

forecasting scintillation due to EPBs.

An existing scintillation forecasting technique using a physics-based model (TIE-GCM:
Section 3.5) to calculate integrated field line Rayleigh-Taylor growth rates will be described. A
second scintillation forecasting technigque using ionosonde data to calculate a proxy for vertical
plasma drift (PVPD) at the magnetic equator will also be described. For the first time the
ionosonde PVPD technique has been adapted to use output from a physics-based model (Nugent
et al., 2021), providing a simple and computationally cheap method for real-time scintillation
forecasting which may prove attractive for operational use. Methods for comparing forecasting
skill will be discussed, and the forecasting skill of the Rayleigh-Taylor growth rate and the
PVPD forecasting methods will be compared using output from the same physics-based model
(TIE-GCM). Finally, the improvement in PVPD forecasting skill when using a physics-based

data assimilation model (AENeAS: Section 3.6) will be demonstrated for a single test case.
118



6.2. Scintillation Forecasting Using Rayleigh-Taylor Growth Rates

(Sultan, 1996) developed an expression to describe the ionospheric Rayleigh-Taylor instability

growth rate (RTGR):

RTGR =EZ—£F<VP—UE— Je )KF—RT, (6.1)
Xpt2p Verr

where Y£ and Y£ are the field line integrated E and F region Pedersen conductivities, V5 is the
vertical (upwards) plasma drift speed at the magnetic equator, U’ is the integrated Pedersen
conductivity-weighted neutral wind in the geomagnetic meridional and vertical plane, g, is the
acceleration due to gravity for a given altitude, v, ¢ represents the F region ion-neutral collision
frequency weighted by the electron density along the field line, K¥ is the F region field line

electron content height gradient, and R is the recombination rate integrated along the field line.

Carter et al. (Carter, Yizengaw, et al., 2014) used output from the TIE-GCM to calculate RTGRs
for field lines passing over Vanimo, Papua New Guinea (141.3°E geographic longitude, -
11.4°N magnetic latitude) during March and April 2000 and for multiple locations in March
and April 2011 (Carter, Retterer, Yizengaw, Groves, et al., 2014). The daily maximum RTGR
was used as a predictor for whether strong scintillation would be observed at that location.

Carter et al. set the recombination rate (Ry) equal to zero, with KF:
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KF = i(aNe)_ 6.2)

Here h is the height and N, is the integrated field line electron content. RTGR field line
integration was conducted between an altitude of 125 km in one hemisphere to 125 km altitude

in the other hemisphere, for field lines with peak altitudes of up to 600 km.

The dominant factor when calculating the daily maximum TIE-GCM RTGR is increased
vertical plasma drift speed at the magnetic equator due to the PRE (Carter, Yizengaw, et al.,
2014; Rajesh etal., 2017). Increases in geomagnetic activity limit the magnitude of TIE-GCM’s
enhancement of plasma drift speed thereby reducing TIE-GCM RTGR values (Carter,
Yizengaw, et al., 2014). Days on which the maximum TIE-GCM RTGR value was low were
found to correspond to days on which strong scintillation was not observed. Carter et al. (Carter,
Yizengaw, et al., 2014) selected thresholds for the daily maximum RTGR and daily maximum
hourly average of amplitude scintillation (S4) observations. The maximum S4 value for a
chosen day was predicted to be above the S4 threshold only if the maximum RTGR value for
that day was above the RTGR threshold. RTGR forecasting correctly predicted whether
maximum S4 values would be above or below the S4 threshold on 48 of the 56 days considered.
The Carter et al. approach demonstrated forecasting skill during seasons in which EPB
generation was common; however, during seasons in which EPB generation was less frequent,
RTGR forecasting performed worse than persistence forecasting at some locations (Carter,

Retterer, Yizengaw, Wiens, et al., 2014).
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Forecasting skill with TIE-GCM can be improved by using data assimilation (DA). This
approach provides a more accurate representation of the ionospheric conditions so should
produce more accurate forecasts. DA has been shown to improve the accuracy of the RTGR
forecasting technique (Rajesh et al., 2017). However, results have only been published for a
two day test scenario so it is not yet well validated. A drawback of incorporating DA is the

increased computational expense of the background model.

6.3. Scintillation Forecasting Using a Proxy for Vertical Plasma Drift

Another approach for forecasting scintillation is the use of proxy vertical plasma drifts
(PVPDs). Anderson et al. (2004) calculated PVPDs at the magnetic equator by determining the
virtual height associated with a plasma frequency of 4 MHz (~2 x 10! e/m®) and
investigating the rate of change of this height. PVPD speeds greater than 20 ms™* between 1830
and 2000 local time (LT) were found to correspond to strong scintillation observations (five
minute average S4 > 0.5) during the subsequent evening (Anderson et al., 2004). Maximum
PVPD speeds less than 20 ms™? corresponded to days in which strong scintillation was not
observed. This approach successfully predicted whether strong scintillation would occur on
84% of 300 consecutive days in 2001 and 2002. Two key limitations to this approach were that
regional forecasts could not be produced until the observation window had commenced and the

need for a local ionosonde.

Limited antecedence and the need for an ionosonde would be avoided if PVPD calculations
used model output rather than ionosonde data. Since the change in virtual height of a 4 MHz

ionosonde return signal can be represented by the change in altitude of electron density
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2 x 10 e/m?® (assuming that the virtual height changes at the same rate as the true height),
PVPD calculations using a model require only electron densities, their corresponding altitudes,
and the interval between simulated observations. Therefore, it is straightforward to use output
from a 3D ionospheric model to generate scintillation forecasts using PVPDs. In this study, the
height of the 2 x 10! e/m3 electron density is determined using linear interpolation between
vertically adjacent grid points. The maximum PVPD is determined by the largest change in
height of the 2 x 10! e/m? electron density between each consecutive 15-minute model time
step from 1830 to 2000 LT. If the maximum PVPD speed at a location on the magnetic equator
is greater than a specified threshold, a forecast for strong scintillation conditions in the

subsequent evening is predicted for that longitude.

PVPD forecasting requires model output from one altitude profile per time step since only
points at the magnetic equator are necessary for a forecast at that specific longitude. RTGR
forecasting, however, needs a greater number of profiles per time step as model conditions are
required at several locations along the magnetic field lines. PVPD values are calculated for
1830-2000 LT whereas RTGR forecasting calculates maximum daily RTGR values so a larger
number of time steps are required. The complexity of the individual calculations required for
PVPD and RTGR forecasting are similar, however, RTGR forecasting requires a greater
number of calculations and TIE-GCM output corresponding to a greater number of variables,
time steps, and grid points per time step. Once TIE-GCM output has been produced the
calculation of PVPDs is, therefore, less complex and less computationally expensive than
calculating RTGRs. However, the computational expense of the PVPD and RTGR calculations
is significantly less than the expense of running a physics-based ionosphere-thermosphere

model such as TIE-GCM or a data assimilation (DA) model such as AENeAS.
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PVPD forecasting only requires electron densities and associated altitude as inputs whereas
RTGR forecasting also requires Pedersen conductivity, neutral wind speed, and ion-neutral
collision frequencies. Therefore, PVPD forecasting could be performed using output from an
ionospheric DA model. However, the majority of currently existing DA models do not provide

output for all variables required for RTGR forecasting.

6.4. Methods for Comparison of Scintillation Forecasting Skill

6.4.1. S4 Calculation

Various methods can be used to determine scintillation strength for a given evening from a set
of amplitude scintillation (S4: Section 2.5.3) observations. Carter et al. (Carter, Yizengaw, et
al., 2014) calculated the mean GPS S4 (with 5° minimum elevation) from the Vanimo
lonospheric Scintillation Monitor for each hour and used the maximum value to represent
scintillation strength for that day. In later work (Carter, Retterer, Yizengaw, Groves, et al.,
2014) the 90" percentile of one minute S4 observations (30° minimum elevation) was
calculated for each hour. The largest of these values (S490) represented scintillation strength for
that evening. Maximum hourly average S4 values will be considered when comparing
forecasting skill for Vanimo in March and April 2000 (Carter, Yizengaw, et al., 2014). S4qo
will be considered for Vanimo test cases, as well as test cases used in later work by Carter et

al. (Carter, Retterer, Yizengaw, Groves, et al., 2014).
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6.4.2. Performance Testing

RTGR forecasting has demonstrated forecasting skill including successfully predicting whether
strong scintillation would occur at Vanimo, Papua New Guinea for 48 of the 56 days considered
during March and April 2000 (Carter, Yizengaw, et al., 2014); however, this success was
generated by retrospectively choosing thresholds to provide the optimal results, which would
not be possible in an operational setting. A useful method for evaluating forecasting skill is the
receiver operating characteristic (ROC) curve. A ROC curve keeps the observation threshold
(S4) fixed while stepping through possible values for the predictor threshold (PVPD or RTGR).
The true positive rate (TPR) and false positive rate (FPR) are calculated for each of the values
for the predictor threshold. The TPR is the proportion of positive events (i.e. strong scintillation
days) which were correctly predicted. The FPR is the proportion of negative events (i.e. weak
scintillation days) which were incorrectly predicted to be a positive event. A ROC curve plots
TPRs against FPRs (Figure 42a). The line y = x indicates a forecasting method with no skill. A
perfect model is represented by the line from (0,0) to (0,1) to (1,1). The area under the ROC
curve (AUC) is equal to the probability that a model will rank a randomly chosen positive event
higher than a randomly chosen negative event (i.e. the probability that a randomly chosen strong
scintillation day will have a higher PVPD or RTGR than a randomly chosen weak scintillation
day). Simply, if the predictor threshold is unknown, models with a larger AUC have greater
forecasting skill and a model with no skill has AUC = 0.5 whereas a model with perfect skill
has AUC = 1. Since the S4 threshold is fixed for an individual ROC curve, sets of ROC curves
and AUCs can be calculated for a range of S4 threshold values (e.g. Figure 43a, Section 6.4.4).
A further metric to determine forecasting skill using ROC curves is Youden’s index (Youden,

1950), also known as the Peirce skill score (Peirce, 1884). The maximum Youden’s index (Y1)
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value indicates the point on the ROC curve for which the model forecast skill improvement

over random chance is greatest. Y1 is given by

YI = TPR — FPR, (6.3)

which can be observed on a ROC plot as the vertical distance of a specific point on the ROC
curve from the line representing no skill (the maximum Y1 is displayed for each forecasting
method in Figure 42a). A maximum Y1 of O represents a method with no forecasting skill (as
the skill is no better than chance) and a maximum YT of 1 represents a perfect model. The
maximum Y1 can be calculated for a range of S4 threshold values (e.g. Figure 42b, Section

6.4.4) by inspection of the set of ROC curves generated using the same set of S4 thresholds.

6.4.3. Statistical Significance of Results

The methods described in Section 6.4.2 provide an assessment of the relative forecasting
performance of the different approaches. It is also important to consider the absolute forecasting
skill; i.e. whilst one approach may outperform the other, this is not useful if both approaches
have little skill. The maximum Y1 is calculated from a wide range of PVPD or RTGR
thresholds: if the S4 threshold is set so low or high that most observations fall into one class,
any PVPD or RTGR threshold which is also particularly low or high may suggest higher
forecasting skill than is actually present. The AUC may also be affected by low or high S4
thresholds. To address this, 100 randomly generated sequences of numbers were used as
randomly generated forecasts (RGFs). If the PVPD and/or RTGR methods outperform at least

95 of these RGFs there is effectively 95% confidence that the method is more successful than
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random chance. If more than five RGFs are capable of matching the performance of all
considered forecasting methods for a chosen S4 threshold then the results for this threshold are

not included in the analysis. For consistency the same 100 RGFs are used for each data set.

Statistical significance of results can be further impacted by small data sets. Each test case
corresponds to a two month period and includes between 56 and 61 data points. Leave-one-out
jackknifing (Quenouille, 1949) has been used to test whether small changes to a data set could
have a large impact on results. One data point (one day) is removed from the data set and the
model performance is calculated. This is repeatedly performed with each of the data points
excluded in turn. The mean and standard deviation of these leave-one-out performance values
are calculated. The mean and two standard deviations shown in Sections 6.4.4 and 6.4.5
effectively provides a ~95% confidence interval of forecasting skill for a specific S4 threshold

when the data are subject to small variations.

6.4.4. Low-Latitude Scintillation Forecasting with TIE-GCM: Results

Carter et al. (Carter, Yizengaw, et al., 2014) showed that, using hourly average S4 values at
Vanimo for 56 days in March and April 2000, RTGR forecasting could successfully predict that
strong scintillation would occur on 17 days, successfully predict that strong scintillation would
not occur on 31 days, predict strong scintillation which did not occur on 3 days, and predict that
strong scintillation would not occur on 5 days for which strong scintillation was observed, i.e.
whether strong scintillation would or would not occur was correctly predicted on 85.7% of days
in the test case. This was achieved by predicting S4 would be greater than 0.244 when the daily
maximum RTGR was greater than 0.625 x 1073s~1. Using the same scintillation data and S4
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threshold PVPD forecasting successfully predicted that strong scintillation would occur on 17
days, successfully predicted that strong scintillation would not occur on 29 days, predicted
strong scintillation which did not occur on 5 days, and predicted that strong scintillation would
not occur on 5 days for which strong scintillation was observed, i.e. whether strong scintillation
would or would not occur was correctly predicted on 82.1% of days. This was achieved using
a PVPD threshold of 18 ms™ (i.e. there is a prediction of strong scintillation when the maximum

PVPD speed is greater than 18 ms™).

Figure 42a displays a ROC plot for PVPD (blue) and RTGR (red) forecasting using TIE-GCM
and persistence forecasting (green) for March and April 2000 at VVanimo, Papua New Guinea
(141.3°E geographic longitude, -11.4°N magnetic latitude). Persistence forecasts were
generated using the observed daily S4 value as the predictor value for the following day. In
Figure 42a the maximum hourly average S4 threshold has been fixed using the value 0.244 that
was retrospectively selected by Carter et al. (Carter, Yizengaw, et al., 2014). The maximum
Youden’s Index (Y1) is indicated by a coloured circle for each forecasting method. There is not
a significant difference between the overall performance of RTGR and PVPD forecasting;
however, both the RTGR and PVPD forecasting methods clearly outperform persistence. In
Figure 42b the maximum Yls corresponding to Figure 42a are presented for the range of S4
thresholds which resulted in PVPD, RTGR, or persistence forecasting outperforming at least
95 of 100 randomly generated forecasts (RGFs). In Figure 42b PVPD maximum Yls do not
have a significant reduction in forecasting skill compared to RTGRs for any considered S4
thresholds, although the RTGR maximum Y1 is slightly higher than the PVPD maximum Y]
for the chosen S4 threshold of 0.244. Both PVPD and RTGR forecasting significantly

outperform persistence forecasting for all considered S4 thresholds. Area under the ROC curves
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(AUCs) are not displayed for this data set as at least 5% of the RGFs outperformed PVPD,
RTGR, and persistence forecasting for all possible S4 thresholds. This suggests that an
understanding of reasonable PVPD and RTGR thresholds to use is an important factor for

forecasting skill if using the maximum hourly average to determine S4 values and thresholds.
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Figure 42. (a) ROC curve for scintillation forecasting performance using persistence
forecasting (green), proxy vertical plasma drifts (PVPD, blue), and field line integrated
Rayleigh-Taylor growth rates (RTGR, red) for 56 days in March and April 2000 at Vanimo,
Papua New Guinea using the maximum hourly average S4. Coloured circles represent the point
with the maximum Youden’s index (YI). The black dashed line represents a model with no skill.
The S4 threshold is set at 0.244. (b) The maximum Y1 values for a range of S4 thresholds.
Coloured shaded regions represent the range of maximum YI values within the mean and two
standard deviations from leave-one-out jackknifing (effectively a ~95% confidence interval of
Y1 values subject to small changes in the data set). The vertical dashed line shows the S4

threshold 0.244 corresponding to the ROC curve in (a).
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In Figure 43 the AUCs (Figure 43a) and maximum Ys (Figure 43b) are presented for the same
conditions as Figure 42 when the maximum hourly 90" percentile of one minute S4
observations (S4q0) determines scintillation strength as used by Carter et al. (Carter, Retterer,
Yizengaw, Groves, et al., 2014). In Figure 43a the horizontal black dashed line (AUC = 0.5)
indicates no skill. In Figure 43a the range of S4 thresholds for which a forecasting approach
outperforms 95% of RGFs is small. This provides further evidence that having an understanding
of appropriate PVPD or RTGR thresholds to use is an important factor for the success of each
approach. PVPD AUCs and maximum Ys are not significantly worse than RTGR AUCs or
maximum Ys for all considered S4 thresholds at VVanimo, whether S4 is determined using the

hourly average (Figure 42) or S4qo (Figure 43).
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Figure 43. AUCs (a) and maximum Youden's index (b) for a range of S490 thresholds at Vanimo,

Papua New Guinea for 56 days in March and April 2000.

Figure 44 and Figure 45 correspond to AUCs and maximum YIs respectively for S4go
observations from March and April 2011 (Carter, Retterer, Yizengaw, Groves, et al., 2014) at
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Ascension Island (geographic longitude (GLon) -14.4°E, magnetic latitude (MLat) -12.4°N),
Calcutta (GLon 88.4°E, MLat 15.6°N), Guam (GLon 144.9°E, MLat 5.8°N), and Nairobi
(GLon 36.8°E, MLat -10.8°N). PVPD forecasting performs as well or better than RTGR and
persistence forecasting apart from AUCs at Ascension Island for S4go thresholds above 0.67

(Figure 44a), AUCs for very low S4qo thresholds at Nairobi (Figure 44d), and maximum Yls
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Figure 44. AUCs as in Figure 43a for a range of S490 thresholds at Ascension Island (a),

Calcutta (b), Guam (c), and Nairobi (d) in March and April 2011.
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for a very small range of S4go thresholds at Calcutta (Figure 45b). PVPD forecasting AUCs are
significantly greater than both RTGR and persistence AUCs for all S4qo thresholds below 0.55
at Ascension Island (Figure 44a), most S4go thresholds at Guam (Figure 44c), and most S4go
thresholds between 0.15 and 0.49 at Nairobi (Figure 44d). PVPD forecasting maximum Yls are
significantly greater than RTGR and persistence maximum Yls for all considered S4go

thresholds at Ascension Island (Figure 45a) and Guam (Figure 45c).
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Figure 45. Maximum Youden’s Index (Y1) values corresponding to Figure 44.
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Forecasting skill will be improved if suitable PVPD or RTGR thresholds are known prior to
forecasting. However, these thresholds (and forecast success rates) are likely to vary under
differing conditions such as longitude, season, and solar activity (Smith et al., 2016). The PVPD
and RTGR threshold values which produced the maximum Y1 in the test cases considered are
provided in Figure 46. There is a noticeable difference between the optimum PVPD thresholds
for Vanimo when compared to the other four test cases. The Vanimo test case was for March
and April 2000 whereas the other test cases were for March and April 2011. Solar activity was
higher in March and April 2000 (monthly means of the daily total sunspot number (MDTSN)
of 217.7 and 191.5) than in March and April 2011 (MDTSN of 78.6 and 76.1) suggesting that
the optimum PVPD threshold may be dependent on solar activity. The optimum PVPD
thresholds do not, however, appear to be heavily dependent on the choice of S4 threshold. In
Figure 47 the maximum Y s are displayed for the Vanimo test case when the PVVPD threshold
is fixed at 18 ms™ for all S4 thresholds. There is not a significant reduction in forecasting skill
when compared to the RTGR forecasting skill. This behaviour is also seen in the other four test

cases, apart from the small S4 range previously discussed at Calcutta (Figure 48).
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Figure 46. PVPD (left) and RTGR (right) thresholds used to obtain the maximum Y1 in the S4qo
test cases considered.
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Figure 47. Maximum Yls at Vanimo in March and April 2000 when the PVPD threshold is fixed

at 18 ms™.

The test cases discussed so far have previously been prsented by Carter et al. Further test cases
are now considered. Carter, Yizengaw et al. (2014) used output from the Vanimo lonospheric
Scintillation Monitor (ISM) in March and April 2000 to test whether RTGR forecasting had
skill. Vanimo ISM data is available from August 1999 to October 2000, March 2001 to October
2002, March 2003 to May 2004, October to December 2006, February 2007 to August 2008,
and October 2008 to June 2009. We will now consider PVPD and RTGR forecasting
performance during each pair of equinoctial (March and April, September and October) or

solstitial (June and July, December and January) months within these periods.

The day-to-day variability of S4g daily maximum values from the Vanimo ISM shows a clear
dependence on solar activity. Figure 49 shows S4gg daily maximum values from September
1999 to June 2009. Between 1999 and 2004 (top) solar activity was relatively high and there is
clearly considerable day-to-day variability, with a quiet day background value roughly between
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Figure 48. Maximum Youden's indices (Y1) as for Figure 45 but with PVPD thresholds fixed
for all S4 thresholds at a location. PVPD thresholds chosen were 11 (a), 9 (b), 7 (c), and 9 (d)

ms! at Ascension Island, Calcutta, Guam, and Nairobi respectively.

0.15 and 0.25. Between 2006 and 2009 (bottom) solar activity was lower. The day-to-day S4go

variability is small and S4q0 values tend to remain close to the quiet day background values seen

between 1999 and 2004. Indeed, during all days on which the Vanimo ISM data is available
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Figure 49. Daily S4q0 values for data available from the Vanimo lonospheric Scintillation

Monitor.

between 2006 and 2009, there were only 4 days on which the daily S4qo value exceeded 0.3.
Therefore, as persistent strong scintillation is not present in these years, analysis of forecasting
skill for these years would be both pointless and misleading. This is also true for winter solstitial
months (December and January) during high solar activity years. During the years considered
(1999 to 2004), there was only one daily S49 value greater than 0.3 in December or January
(no data are available for December 2000 and January 2001 or December 2002 and January

2003). Therefore, further test cases to be considered will include all equinoctial and June-July
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Table 6. Number of days for which Vanimo ISM data is available in each two-month equinoctial
and summer solstitial test case between 1999 and 2004. The monthly means of the daily total

sunspot number are also provided.

Months Days of available data Monthly means of daily total
sunspot numbers
Sep/Oct 1999 61 106.3, 168.7
Mar/Apr 2000 59 (56 used by Carter, |217.7,1915
Yizengaw, et al. (2014))
Jun/Jul 2000 53 188.0, 244.3
Sep/Oct 2000 45 156.0, 141.6
Mar/Apr 2001 58 165.8, 161.7
Jun/Jul 2001 61 202.9,123.0
Sep/Oct 2001 61 238.2,194.1
Mar/Apr 2002 44 147.1, 186.9
Jun/Jul 2002 61 128.8, 161.0
Sep/Oct 2002 26 187.9, 151.2
Mar/Apr 2003 34 100.7, 97.9
Jun/Jul 2003 60 118.7,128.3
Sep/Oct 2003 58 78.5,97.8
Mar/Apr 2004 33 74.8, 59.2

pairs of months between 1999 and 2004 for which significant data gaps are not present. Table
6 provides the number of days for which S4 data is available during each of these pairs of

months. Test cases in which over a third of days do not have data available will not be included
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in the analysis. Results for March and April 2000 have already been discussed. Therefore, we
will now consider forecasting skill for March and April in 2001 and 2002, September and
October in 1999, 2000, 2001 and 2003, and June and July in 2000, 2001, 2002 and 2003. In
Figure 50 the maximum PVPD, RTGR, and persistence forecasting Yls are shown for March
and April in 2001 and 2002. As seen in the previously discussed test cases, PVPD forecasting
skill is as good as or better than RTGR forecasting for all considered S4go thresholds. PVPD
forecasting also outperforms persistence forecasting for all considered S4qo thresholds. Figure
51 displays maximum Y s for September and October 1999, 2000, and 2001, and June and July
2002. In September and October 1999, 2000, and 2001 the PVPD and RTGR forecasting skill
is very similar. In June and July 2002 PVPD forecasting outperforms RTGR and persistence
forecasting. However, PVPD forecasting is only able to outperform 95% of random forecasts

for a small range of S4go thresholds. The PVPD and RTGR thresholds used to obtain these

results are shown in Figure 52. The optimal PVVPD thresholds for March and April in 2001 and
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Figure 50. Maximum Yls at Vanimo in March and April 2001 (a) and 2002 (b).
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Figure 51. Maximum Yls at Vanimo in September and October 1999 (a), 2000 (b), and 2001

2002 are lower than those used for March and April 2000 (Figure 46). The PVPD thresholdsfor

September and October 1999 are lower than those used for September and October 2000, which

tend to be lower than those used for September and October 2001. The monthly means of the

daily total sunspot numbers (MDTSN: Table 6) in March and April 2000 are considerably

higher than those for March and April 2001 and 2002. The MDTSNSs for September and October

2001 are considerably higher than those for September and October in 1999 and 2000.
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MDTSNs for October 1999 and September and October 2000 are similar. However, the
MDTSN for September 1999 is considerably lower. This lends further support to the suggestion
that solar activity appears to be an important factor when determining the optimal PVPD
threshold to use. It also suggests that the choice of PVPD threshold may be dependent on
whether the equinoctial months are in the spring or autumn as, for example, the September and
October 2001 PVPD thresholds are lower than the March and April 2000 PVPD thresholds

despite having slightly higher MDTSNs.
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Figure 52. PVPD (left) and RTGR (right) optimal thresholds used for Vanimo test cases in
March and April 2001 and 2002, September and October 1999, 2000, and 2001, and June and

July 2002, corresponding to results shown in Figure 50 and Figure 51.

In June and July 2000, 2001, and 2003, and in September and October 2003 each of the three
forecasting techniques are unable to outperform 95% of random forecast maximum Ys for any
choice of S4g threshold. The poor performance of PVPD and RTGR forecasting during the
June and July test cases suggest that these forecasting methods, when using TIE-GCM, may not
be suitable for scintillation forecasting during solstitial months. In the September and October
2003 test case the PVPD values are particularly low, with only one PVPD value in this test case
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exceeding 10.1 ms™. This may be due to lower solar activity during this Vanimo test case which
has suppressed the equinoctial TIE-GCM daily PVPD values. Also, it may not be a coincidence
that the only equinoctial test case which does not demonstrate any obvious forecasting skill
includes extremely disturbed solar and geomagnetic conditions (including the Halloween
storm). One should bear in mind with these results that TIE-GCM day-to-day variability is only
driven by 3 hourly Kp and daily F10.7 solar flux values. However, it would be expected that
the inclusion of data assimilation would improve ionospheric specification and, therefore,
scintillation forecasting skill. Therefore, we now consider PVPD forecasting skill when using

AENeAS (Section 3.6) output to generate PVPD forecasts.

6.4.5. Low-Latitude Scintillation Forecasting with AENeAS

The forecasting skill of the Rayleigh-Taylor growth rate (RTGR) and proxy for vertical plasma
drift (PVPD) approaches have been discussed when using TIE-GCM output. PVPD forecasting
skill is now considered for a single test case when AENeAS output is used. In this work an
independent TIE-GCM simulation is used for each of 32 AENeAS ensemble members. GNSS
total electron content (TEC) observations from the Madrigal database are assimilated once in
each 15 minute model time step. A direct comparison between PVVPD forecasting skill using
TIE-GCM and AENeAS can be obtained by using the mean AENeAS electron densities and
altitudes for the same latitude, longitude and pressure level across all ensemble members.
Vertical linear interpolation provides a single altitude for an electron density of 2 x 101! e/m?®
at a specified location on the magnetic equator. The change in height of this electron density

can then provide a maximum PVPD value using the method described in Section 6.3.
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Figure 53 demonstrates forecasting skill for a range of S4q thresholds at VVanimo, Papua New
Guinea for 56 days in March and April 2000 as discussed in the previous subsection and by
Carter, Yizengaw, et al. (2014). Figure 53a and Figure 53b show the area under the ROC curve

and the maximum Y s respectively.
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Figure 53. AUCs (a) and maximum Yls (b) for PVPD forecasting with AENeAS (brown) and
TIE-GCM (blue), RTGR forecasting with TIE-GCM (red), and persistence forecasting (green)
at Vanimo, Papua New Guinea in March and April 2000. Coloured shaded regions represent
the range of skill values within the mean and two standard deviations from leave-one-out

jackknifing. The horizontal dashed line in (a) represents a model with no skill.
141



Figure 53 clearly shows that in this test case, for all considered S4go thresholds using both AUCs
and maximum Yls, AENeAS PVPD forecasting (brown) consistently outperforms TIE-GCM
PVPD (blue) and RTGR (red) forecasting and persistence forecasting (green). However, the
use of AENeAS output provides a further distinct advantage over TIE-GCM when used for

PVPD forecasting: the ability to use the ensemble to generate probabilistic forecasts.
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7. PROBABILISTIC FORECASTING OF LOW-LATITUDE SCINTILLATION

7.1. Methods

Probabilistic forecasts of low-latitude scintillation can provide a clearer understanding of
whether strong scintillation will occur than deterministic forecasts, as probabilistic forecasts
provide information about the uncertainty of an event. Therefore, probabilistic forecasts provide
end-users with greater insight when determining whether action will need to be taken to mitigate

scintillation effects.

Using the AENeAS (Section 3.6) ensemble mean to generate proxy for vertical plasma drift
(PVPD) forecasts has demonstrated an improvement in forecasting skill when compared to
PVPD forecasting with a single TIE-GCM simulation (Section 6.4.5); however, the availability
of output from each ensemble member provides an opportunity to generate a probabilistic
forecast of low-latitude scintillation. Using the approach discussed in Section 6.3, the maximum
PVPD can be determined for each ensemble member to produce an ensemble of PVPD values.
One simple method to provide a probabilistic forecast would be to use the proportion of
ensemble members for which the PVPD value is above the PVPD threshold as the probability
of strong scintillation occurring (a frequentist approach). However, this approach can only
produce reasonable probabilistic estimates if many ensemble members are available and the
forecasted event is not climatologically rare (Joliffe & Stephenson, 2012). A method which
requires a smaller number of ensemble members is to use the ensemble of PVPD values to
estimate the probability density function (PDF) of the PVPD speed at a chosen time and
location. For each PVPD ensemble member a Gaussian PDF is produced with mean equal to

the PVPD value and a fixed standard deviation (SD). The estimated overall PVPD PDF is the
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normalised sum of these PDFs. This method is referred to as kernel density estimation (KDE),
using a Gaussian kernel (Figure 54). Kernels with other distributions could also be chosen;
however, Gaussian kernels are commonly used when determining the PDF of a variable unless
the variable is bounded, e.g. a variable which is restricted to non-negative values such as
precipitation (Wang & Bishop, 2005). As PVPD values are unbounded, and in the absence of
information to suggest that an alternative kernel would be more effective, Gaussian kernels will

be used for the KDE.

(a) (b) ()

Forecast value —

Probability density =——

Figure 54. Cartoon of methods to estimate the probability density function (PDF) from an
ensemble of values. (a) Frequentist approach: use the proportion of sample values above/below
the chosen threshold to determine the probability that a randomly selected value is above/below
the threshold, (b) Kernel density estimation with a Gaussian kernel: create a PDF by taking
the normalised sum of Gaussian distributions, each of which has mean equal to an ensemble
value, and (c) PDF fitting: fit a PDF which is representative of the sample of ensemble values

(Joliffe & Stephenson, 2012).

The choice of standard deviation (SD) for the set of Gaussian distributions is an important factor

as it can significantly affect the final PVPD PDF. If the SD is too small the resulting PDF will
144



be too dependent on each ensemble member output value, effectively producing a spike at each
output value (i.e. as the SD tends to zero the PVPD PDF approaches the frequentist
distribution). This does not take into account that the ensemble member PVPDs are only
samples from the underlying unknown PDF. If the SD is too large then information from the
individual PVPD values about the underlying distribution will be lost. To find a SD which
avoids these issues, j evenly spaced SD values between (e.g.) zero and ten (zero not included)
are tested. Leave-one-out cross-validation determines the best SD to use in the following way:
1) k ensemble members are used to generate k PVVPD values. Select one PVPD value to be the
test set. The remaining (k — 1) PVPD values are the training set.

2) From the set of j SDs, SD;(i € 1, ...,J) is used as the KDE SD, thereby generating j PVPD
PDFs using the (k — 1) PVPD values in the training set.

3) Find the probability density of the test set value in each of the PVPD PDFs. These densities
provide a likelihood function of SDs which would produce the test set value.

4) Repeat steps one to three (k — 1) times so each PVPD value has been used as the test set
value. k likelihood functions have now been produced.

5) The product of the k likelihoods associated with SD; (i € 1, ..., j) provide the likelihood that
the PVPD PDF generated using SD; would produce the k PVPD values. The SD with the
greatest of these combined likelihoods is chosen as the SD to be used for the KDE of the final

PVPD PDF with all k PVPD values.

Some examples of PVPD PDFs which could be generated in this way using 32 AENeAS

ensemble members are displayed in Figure 55.
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Figure 55. Examples of PVPD PDFs created using kernel density estimation with a Gaussian

kernel. PDFs have been selected from within a seven hour period in August 2011.

The PVPD PDF can then be used to estimate the probability that a PVPD is greater than a
chosen threshold, P(PVPD > PVPDy,esn), DY determining the proportion of the area under the
PDF curve which is above the PVPD threshold. The probability of strong scintillation occurring
during the subsequent night, P(S4 > S4,resn), Can be determined using the law of total

probability (Kolmogorov, 1950):

P(A) = P(AnB) + P(ANB%
(7.1)
=P(A|B)P(B) + P(A| B¢)P(B®),
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for events A and B, where B€ is the complement of B (i.e. P(B®) = 1 — P(B), the probability
that event B does not occur) and P(A | B) is the conditional probability that event A will occur

given that event B has occurred. Therefore,

P(S4‘ > S‘l'thresh) = P(S4 > S4’thresh | PVPD > PVPDthresh)
X P(PVPD > PVPDyresn)
(7.2)
+ P(S4 > S4yresh | PVPD < PVPDyyresn)

X P(PVPD < PVPDthreSh) .

Anderson et al. (2004) reported that the maximum five minute average S4 between sunset and
sunrise was found to be greater than 0.5 on 90% of days with observed PVPDs greater than
20 ms* and less than 0.5 on 85% of days with PVPDs less than 20 ms™. Using these values, the

probability that the maximum five minute average S4 is greater than 0.5 is given by

P(S4 > 0.5) = P(S4 > 0.5 | PVPD > 20 ms™*)
X (PVPD > 20 ms~1)
+ P(S4 > 0.5 | PVPD < 20 ms™1)
X P(PVPD < 20 ms™1) (7.3)
= 0.9 P(PVPD > 20 ms™?)
+(1—0.85)[1 — P(PVPD > 20 ms™1)]

=0.15+ 0.75 P(PVPD > 20 ms™1),
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where P(PVPD > 20 ms™1) is determined from the PVVPD PDF. However, as discussed in the
previous chapter, these thresholds and forecast success rates are likely to vary under differing

conditions such as location, season and solar activity (e.g. Smith et al., 2016).

A dummy example of a global forecast of the strongest scintillation which would be observed
between sunset and sunrise for all locations which are currently post-sunset or for which sunset
will occur within the next six hours is shown in Figure 56. Following discussion with the Met
Office Space Weather Operations Centre (MOSWOC) steps have been taken to provide maps
of low-latitude scintillation which are consistent with existing Met Office space weather
forecasting tools. To this end a four-colour system is used to show when the likelihood of strong
scintillation is forecasted to be less than 25%, between 25% and 50%, between 50% and 75%,
or greater than 75%. The timestamp for the forecast is displayed in the lower left-hand corner
of the plot (as in other MOSWOC images). For ease of use, meridian lines and the magnetic
equator are shown. Since the forecasts cover a six-hour lead-time there are regions which are
in daylight for the total period of the forecast. This region remains white in the forecast plot to
show that no forecast has been provided for this region. High latitude regions also remain white
as scintillation forecasts are not provided for these areas. Although this example is consistent
with existing Met Office space weather tools, the output can be adapted for other users. For
example, if an action was only deemed to be safe if the probability of strong scintillation was
below 25%, an operator may be under the mistaken impression that the probability was below
25% in one location but the probability was above 25% a few metres away. The displayed
probabilities are representative of the strong scintillation probability at a TIE-GCM grid point
longitude, extending 2.5 degrees east of each grid point to capture the eastward motion of

equatorial plasma bubbles. An alternative visualisation could include a greater number of
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segmentations of probabilities (i.e. number of colours included in the colourbar) or providing a

smoothed colour scheme with interpolation between TIE-GCM longitudes.

AENeAS v1.1

-135° -90° -45° 0° +45°+90°+135°
-100

% likelihood of S4 > 0.5

Forecast generated at 16:00 UT

Figure 56. Plot of low latitude scintillation forecast for 16:00 - 22:00 UT on 8 March 2000.
Colours represent the likelihood of the five-minute average S4 exceeding 0.5 during the
current/upcoming evening. Note that the forecast does not make a prediction of latitudinal

extent, only whether scintillation is likely to be observed at low latitudes.
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7.2. Improving the Forecast: Temporal Resolution and Latitudinal Extent

PVPD forecasting has provided forecasts in a similar format to those provided by Carter et al.
(e.g. 2014) and Anderson et al. (e.g. 2004), i.e. forecasts of whether strong scintillation will
occur at a location in a 24-hour period or between sunset and sunrise. It is understood that,
particularly during equinoctial months (at locations where the magnetic equator is roughly
parallel to the geographic equator), equatorial plasma bubbles (EPBs) tend to form during the
hours shortly after sunset (Woodman & La Hoz, 1976). Once formed, EPBs tend to drift
eastwards. Therefore, scintillation observed late at night can be due to EPBs generated at
locations to the west of the observation site. The all-night forecast is, therefore, trying to provide
a prediction of whether EPBs have been generated anywhere in an extended region to the west
of the observation site. To move away from the all-night forecast, we instead consider the PVPD
value as an indicator of whether an EPB will be generated at that longitude. By considering a
time window of, for example, three hours after sunset in which the bubble could be formed, the
bubble location can then be propagated forwards using an estimation of EPB drift speed.
However, if using this approach, the temporal extent of the bubble’s ability to produce
scintillation must also be considered. Determining the latitudinal extent of the EPB will also

produce more informative forecasts.

In a study by Sridharan et al. (2014) the magnetic latitudinal range of scintillation over
Trivandrum was found to correlate closely to observations of h’F at 19:30 LT (Figure 57). A
correlation was also found for the duration of a scintillation event and the h’F at 19:30 LT
(Figure 58). The parabolic nature of this relationship was explained as being due to the
correlation between ion-neutral collisions and plasma scale length (L) with h’F. A strong linear

relationship between equinoctial PVPD speed observations and h’F has been noted by Redmon
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et al. (2010), as shown in Figure 59. Therefore, under the assumption that the relationship
between h’F and the latitudinal and temporal extent of scintillation events is also present at
other locations, the PVPD speed at a location on the magnetic equator can be used to estimate

the probability of EPB generation, the longevity of the EPB and the latitudinal extent of

scintillation.
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Figure 57. Relationship between Trivandrum h’F observations at 19:30 LT and the magnetic

latitudinal extent of scintillation observations (Sridharan et al., 2014).
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Figure 58. Relationship between Trivandrum h’F observations at 19:30 LT and scintillation

event duration (Sridharan et al., 2014).
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Figure 59. h’F and PVPD speeds observed for 30 randomly selected, equinoctial,

geomagnetically quiet days between 2002 and 2005 (Redmon et al., 2010).

Sridharan et al. (2014) adopted an estimated zonal drift speed of 80 ms™. However, Bagiya et
al. (2015) suggested that this may decrease throughout the night. 80 ms? eastward drift
corresponds to approximately 2.5° longitude per hour at low latitudes. Probabilities of EPB
generation can therefore be shifted eastward at the rate of one grid point per hour for 2.5°
longitudinal resolution (or one grid point every two hours for 5° resolution) to generate the
probability of strong scintillation being observed due to EPB generation at the specified
location. EPB generation tends to commence within a few hours of sunset. The strong
scintillation period could, therefore, be considered as the three hours following sunset.
However, it may be reasonable to restrict this EPB generation period to the times for which
PVPD values exceed the PVPD threshold subject to a short delay to allow bubble formation to

take place.

As EPB formation periods may be greater than one hour, it is possible that a location could

experience scintillation effects at a given time due to EPBs generated at more than one location.
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The probability that strong scintillation occurs at a given location as a result of one or more of
these drifting irregularities can now be calculated. If there are two events, E;and E,, which
could produce strong scintillation at a given location at a given time, the probability of strong

scintillation P(S) is given by

P(S) = P(E;) + P(Ey) —P(E;NEy), (7.4)

where P(E; N E;) is the intersection of E;and E,, i.e. the probability that event E; and event
E, both occur. As the number of contributing events increases the number of terms in this
calculation increases due to the need to calculate all possible probability intersections. If,
however, the probability that strong scintillation and events E;and E, do not occur
(P(S",P(E,"),and P(E,") respectively) are considered instead, the probability that scintillation

does not occur is given by:

1—P(S) = P(S)
= P(E;) - P(E3) (7.5)

=(1-P(E)) - (1-P(E})).

This method can be used to combine the probabilities of any number n of contributing events,

i.e.

P(S') = P(E;) - P(E;) - P(E3) ... P(Ey) (7.6)
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Once all contributing events have been considered the probability of strong scintillation at a

specified longitude and time is given by:

P(S)=1-P(S"). (7.7)

The duration of plasma irregularities must be estimated to determine which EPB generation
events contribute to the probability of observing strong scintillation at a specified time and
longitude. The relationship between h’F and latitudinal and temporal extent demonstrated by
Sridharan et al. (2014), whilst only tested in the Indian sector, in the absence of any further
data, can be applied more broadly. Thresholds can therefore be established which correspond
to various irregularity durations to determine the number of timesteps an EPB generation event
should contribute to scintillation observation predictions. Scaling factors (F) can be calculated

from the PVPD probability density function using

_ P(PVPD>T)
~ P(PVPD > 20ms™1)’

(7.8)

where T is the new PVPD threshold. Once the irregularity duration has exceeded the duration
associated with a PVPD of 20 ms™?! (5.5 hours) the probability of strong scintillation
associated with an EPB generation event is scaled by the appropriate scaling factor for each
subsequent time step. In the same manner PVPD thresholds can be established for latitudinal
extent from the magnetic equator. Scaling factors are calculated in the same way for
latitudinal extent to generate low-latitude scintillation forecasts which vary with time, latitude

and longitude. An example plot of such a forecast is shown in Figure 60. Note the variation in
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latitudinal extent of high likelihood of strong scintillation over Africa. As latitudinal extent is

relevant to this style of forecast, reference latitudes are provided.

Scintillation forecast for 18:30 UT (AENeAS v1.1)
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Forecast generated at 16:00 UT

Figure 60. Example of low latitude scintillation forecast for 18:30 UT generated at 16:00 UT.
Unlike Figure 56 the forecast now includes predictions of latitudinal extent and is for one

specified time rather than the whole evening.

Work on probabilistic low latitude scintillation forecasting is ongoing. The described method
will be developed further as part of the Space Weather Instrumentation, Measurement,

Modelling and Risk (SWIMMR) project (NERC Grants on the Web, 2020), with a view to
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operational use within MOSWOC. This will involve determining global PVPD thresholds,
which are likely to be described as a function (or functions) of longitude, season, and solar
activity. Investigation will also be required to determine whether the relationships between h’F
and the latitudinal extent (Figure 57) or duration (Figure 58) of scintillation events are valid at
locations other than Trivandrum. It is possible that, if such relationships exist at other
longitudes, these relationships may take different forms or have different coefficients at
locations other than Trivandrum. Once these relationships at other longitudes (and, possibly,
season and solar activity) have been determined, validation of this probabilistic low-latitude
forecasting method can be undertaken though comparisons of probabilistic forecasts to
scintillation observations. A metric such as the Brier Score (Brier, 1950) can be used to
determine whether the proposed approach demonstrates forecasting skill and, therefore, the
suitability of this forecasting approach for global low-latitude scintillation forecasts in an

operational setting.
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8. IMPROVING AENEAS PERFORMANCE BY INTRODUCING LOWER

BOUNDARY VARIABILITY

In Sections 6 and 7 output from ionospheric models was used to provide forecasts of
ionospheric scintillation. As demonstrated in Section 6.4.5, improving the ionospheric
specification by using the AENeAS data assimilation model (rather than the physics-based
TIE-GCM model) improved the accuracy of the scintillation forecasts. Furthermore, improved
ionospheric specification (e.g. by using AENeAS rather than a climatological model) would
increase the accuracy of ray-tracing for modelling of over-the-horizon radar (OTHR) systems
(e.g. increase the accuracy of modelling within Section 5). Improved ray-tracing accuracy
would be particularly important in an operational OTHR system, for aspects such as coordinate
registration. Therefore, we now consider the AENeAS model, specifically a method to improve
the model performance. As discussed in Section 3.6, an important consideration for improving
the capability of AENeAS for ionospheric nowcasting and forecasting is whether ensemble
members are orthogonal and can span the range of state spaces possible for the real ionosphere-
thermosphere system. AENeAS incorporates a Monte Carlo approach to randomly select F10.7,
hemispheric power, and cross-tail potential values from predetermined probability distributions
to drive TIE-GCM when propagating ensemble members forward in time. However, the lower
boundary conditions (LBCs) remain identical for each ensemble member. In this chapter
perturbations will be applied to the Global Scale Wave Model (GSWM) output currently used
for AENeAS (and, therefore, TIE-GCM) LBCs. It will be shown that perturbing TIE-GCM
LBCs can produce perturbations at higher altitudes, including changes to the peak electron
density (N,,qr) and corresponding altitude (h,,q,). A method for producing random
perturbations to TIE-GCM LBC horizontal winds will be described. Intuitively, the addition of

further variability between ensemble members should increase the likelihood that ensemble
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members are orthogonal. It shall also be demonstrated that the range of possible ionospheric
conditions for ensemble members is increased when LBC horizontal wind perturbations are

included.

8.1. TIE-GCM Lower Boundary Forcing

TIE-GCM lower boundary forcing has previously been shown to influence TIE-GCM
ionospheric behaviour (e.g., Pedatella, 2016). As well as neutral temperatures and horizontal
wind velocities, aspects such as ExB vertical drift velocity and TEC can vary considerably
depending on lower boundary values. Geomagnetic activity is understood to be a major
influence on the ionospheric peak electron density. However, conditions at lower altitudes may
exert a comparable influence (Rishbeth and Mendillo, 2001). Pedatella (2016) explored the
change in the TIE-GCM ionospheric response to a geomagnetic storm when the lower boundary
conditions were adjusted. Sudden stratospheric warming (SSW) events are known to impact
ionospheric conditions (e.g., Mos$na et al., 2021). Pedatella’s new lower boundary zonal mean
climatology, planetary waves, and tidal variability were based on simulations of a SSW event
in January 2013. The temporally varying solar and geomagnetic forcing were based on
conditions during the Halloween storm of 2003. Although the SSW forcing was extreme, using
the SSW lower boundary conditions compared to the GSWM lower boundary showed that the
TEC response could vary by up to 100% during Halloween storm conditions. This suggests that
changes to AENeAS lower boundary conditions can be used to change ionospheric and

thermospheric conditions at higher altitudes.
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8.2. Homogeneous Global Lower Boundary Perturbations

As an initial demonstration of the potential impact of lower boundary perturbations,
homogeneous global perturbations are applied to LBC horizontal wind speeds. An example of

the unperturbed lower boundary wind velocities from GSWM are provided in Figure 61.

TIE-GCM Lower Boundary Wind Velocities
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Figure 61. TIE-GCM lower boundary wind velocities corresponding to GSWM output for
12:00 UT on 21 March. Arrow size and colour represent the magnitude of the wind speed. The
shaded region represents night-time. 5° latitude-longitude resolution is shown for clarity,
however, the overall behaviour is representative of 2.5° resolution with diurnal and semi-

diurnal migrating and non-migrating tides.

Initially, wind velocity magnitudes are increased or decreased by a fixed proportion without
changing wind directions, to determine changes that can be caused to ionospheric conditions
due to changes in wind speeds alone, without changing global wind flow. Five-day simulations

were initiated at 0:00 UT on 21 March 2002 using identical initial conditions to unperturbed
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simulations, but with altered lower boundary horizontal wind conditions. An example of

electron density profile variation induced by extreme lower boundary wind perturbations is

shown in Figure 62 for a 200% increase in lower boundary wind velocities. The global hmF2

Total Wind Speed and Electron Density Profiles - Trebled wind velocity
21 March 2002, 21:00 UT (11:00 LT), lat 16.25N, long 150W
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Figure 62. Electron density (lower axis) and wind speed (upper axis) variation 9 hours after
simulation start time due to increase of lower boundary wind speeds by 200%. Electron
densities are shown with (dashed red line) and without (solid blue line) lower boundary
perturbation and wind speeds are shown with (purple solid dotted line) and without (black

dotted line) lower boundary perturbation.
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Figure 63. Global hmF2 at 21:00 UT on 21 March 2002 from TIE-GCM simulation with start

time 0:00 on 21 March 2002. F10.7 is fixed at 70 sfu. Shaded region indicates night-time.

map corresponding to the simulation time in Figure 62 is shown in Figure 63. We see that in
this extreme (and unphysical) case the electron density profile in Figure 62 has changed
significantly with large reductions in NmF2 and hmF2. The change in wind speed reduces very
swiftly as altitude increases from the lower boundary. This suggests that the observed electron
density variation is due to conditions impacted by lower boundary winds close to the lower
boundary rather than due to the increased wind speeds propagating up from the lower boundary.
Indeed, the most significant changes to hmF2 and NmF2 are focussed on the region close to the
magnetic equator, due to changes in wind speeds which are generating the dynamo electric
field. hmF2 is decreased at the equatorial ionisation crests and the region in which the plasma
density decreases (directly to the north and south of the crests) has a steeper gradient, as seen
in the blue region on the left-hand side of Figure 64. The enhancement of the eastward neutral

wind close to the magnetic equator in the evening sector drives more plasma upward via ExB
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drift during and following the pre-reversal enhancement, resulting in the enhanced night-time

hmF2 seen in the red region in the centre of Figure 64.

N
o

=
o

o

|
e
o

|
N
o

|
w
o

|
N
o
Electron Density Peak Height Change (km)

|
S}
o

11131517 189 21. 23 1. 3 5 7

:00 Local Time

Figure 64. Global changes in hmF2 due to a 200% increase in lower boundary winds
corresponding to electron density profiles in Figure 62. The location of the electron density
profiles in Figure 62 is in the upper dark blue region on the left-hand side (latitude 16.25N,

longitude 150W).

The percentage of 2.5° latitude-longitude grid points with hmF2 shifts greater than 5 km
(~1-2%) during a five-day simulation (with output time step of 30 minutes) are shown in Figure
65 for a range of global homogenous wind speed perturbations. An increase in perturbation
magnitude results in an increased number of hmF2 shifts greater than 5 km. Wind speed
increases primarily produce downwards hmF2 shifts of 5 km or greater, whereas wind speed
decreases produce a greater number of upwards hmF2 shifts. Global homogenous temperature

fluctuations were also investigated. However, global temperature increases or decreases of
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more than 20 K tended to result in model simulations crashing, due to atmospheric density
features moving a distance greater than one grid cell within the default time step (Dorrian &
Elvidge, 2020). Temperature changes with magnitude small enough to avoid breaking the
model produced a smaller number of significant hmF2 shifts than 25% increases or decreases
of wind speeds. Global temperature decreases tended to produce a greater number of significant
hmF2 increases rather than decreases. Temperature increases produced a greater number of

hmF2 decreases.
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Figure 65. Percentage of hmF2 shifts greater than 5 km for homogeneous global wind speed

perturbations. 21-26 March with F10.7 = 70 (representing solar minimum).

Homogeneous perturbations demonstrate that changes to LBCs can produce ionospheric

variability at higher altitudes. However, local variability in the LBCs would provide

163



perturbations which are likely to be less unphysical than the large global changes considered so
far. Intuitively, it would also seem sensible that incorporating local variability in LBC
perturbations would be more likely to produce orthogonal ensemble members for AENeAS.
TIE-GCM stability appears to be more sensitive to lower boundary temperature perturbations
than wind perturbations. This can be overcome by reducing the TIE-GCM model time step size.
However, this reduction in model stability would not be desirable for operational use as other
factors can also contribute to model instability, such as sudden large changes to the geomagnetic
driver values. Therefore, the focus in this work will be on perturbations of TIE-GCM lower
boundary horizontal winds. A method which incorporates local variability through the use of

spherical harmonic functions will now be discussed.

8.3. Lower Boundary Perturbations Generated Using Spherical Harmonics: Method

Spherical harmonics can be used to introduce lower boundary wind perturbations which vary
both globally and locally. A spherical harmonic function is a continuous complex function over
the surface of a sphere. The spherical harmonic function is defined by parameters [ and m where
[ = |m|. [m| can be considered to represent the number of evenly spaced longitudinal circles
passing through both poles for which the real/imaginary part is equal to zero. The number of
circles parallel to the equator for which the real/imaginary part is equal to zero is given by

[ — |m]. The spherical harmonic function, ¥;™, is given by

Ym0, ) = j @ (i)il;)’!“)’ £mO P cos ©.1)
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where 6 and ¢ are the longitude and colatitude (90° - latitude) respectively and P/™ is a
Legendre function. Examples of the real part of spherical harmonic functions with 0 <1 < 3

are shown in Figure 66.
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Figure 66. Spherical harmonic functions (real part) with values of | from zero (top) to three

degree [

(bottom). Spherical harmonic functions with |m| <[ are shown with m=0 in the central
column. For each spherical harmonic function, high values are shown in yellow and low values

are shown in blue (Pfaff et al., 2017).

Spherical harmonic functions are used to increase and decrease the zonal and meridional neutral
wind at each grid point on the lower boundary. As spherical harmonic output is complex it can
be used to perturb lower boundary wind speeds in two dimensions. In this work the real
component corresponds to zonal wind speed perturbations and the imaginary component
corresponds to meridional wind speed perturbations. As discussed, the parameters [ and m
define the behaviour of the spherical harmonic function. In this work TIE-GCM is used with

2.5° resolution. Therefore, to permit local perturbations such that neighbouring longitudinal
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grid points can oscillate in opposite directions, spherical harmonic functions will be considered
for which values of [ and m can take values with magnitude of up to 72. As [ > |m|, random
values of [ are drawn from the range [3, 72]. The minimum value within the range is chosen to
avoid large global wave structures dominating the global perturbations. m is subsequently
drawn randomly from the range [—[, []. Scaled spherical harmonic wind values (wg) are

determined by:

ws = [7%w, (8.2)

where w is the unscaled spherical harmonic wind values. To generate perturbations which have
varying local structures, the final perturbations are generated by summing multiple scaled
spherical harmonic functions. Ideally, the perturbations encompass both large and small scale
structures, thereby generating variability between ensemble members. By trial and error, the
sum of 40 scaled spherical harmonic functions generated using the described method were
found to generate variability in structure size. The process used to generate perturbation
matrices is described further in Figure 67. Figure 68 and Figure 69 show examples of different

structure sizes which can be generated using the described method.

So far, only perturbations of hmF2 and NmF2 following changes to lower boundary winds have
been considered. However, hmF2 output from TIE-GCM is known to occasionally have errors,
particularly at high latitudes (NCAR High Altitude Observatory, 2016). For example, at some
locations (such as auroral regions) the peak electron density may be in the E region, and at some
of these locations the TIE-GCM hmF2 value may correspond to the E region peak. Therefore,

to avoid errors which may suggest variability due to lower boundary perturbations which is not
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1) Randomly select [ from uniform 2) Randomly select m from uniform
distribution with range [3, 72] distribution with range [- [, []

4) Generate output from spherical

harmonic function for every grid 3) Randomly select origin latitude
point on a 2.5° latitude-longitude and longitude from uniform

grid. Real and imaginary components distributions with ranges [-90, 90]
represent zonal and meridional wind and [-179, 180] respectively

speeds respectively

5) Find the zonal wind speed with

the greatest magnitude. Divide all

zonal wind speeds by this magnitude 0.5
Multiply all d ds byl

(i.e. the maximum zonal wind speed 6) Multiply all wind speeds by

magnitude becomes one). Repeat

process for meridional wind speeds

7) Repeat steps 1-6 40 times. Take

the sum of the 40 sets of zonal wind
speeds. Take the sum of the 40 sets
of meridional wind speeds.

|

8) Scale zonal wind speeds so the

maximum value is equal to a chosen
value. Repeat for meridional wind
speeds. In the examples to follow the
maximum wind speeds are 100 ms !

Figure 67. Flow chart describing the method used to create perturbation matrices.

present, Ny, 4, and h,,, 4, Will be considered for further testing instead of hmF2 and NmF2. N,,, .

and h,,,, are the peak electron density on the electron density profile and the height associated

with the peak electron density respectively. N,,,, and h,,,, are determined by fitting a

Chapman function (equation 3.3) to the highest electron density value (and associated altitude)

on the vertical grid at a latitude-longitude point, including two electron density and altitude

values immediately above and below the highest electron density value (i.e., the Chapman
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function is fitted to five points). In auroral regions the peak electron density may occur in the
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Figure 68. Example of perturbation matrix. Arrow size and colour represent the magnitude of

the wind speed. Note two large continent sized perturbations in the southern hemisphere.
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Figure 69. Example of perturbation matrix. Note the lack of extremely large structures which

were present in Figure 68.
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E region. Therefore, large scale changes to h,,,, at high latitudes should be considered with
caution, as this may be due to the boundary between locations with E region and F region peak

electron densities shifting by one (or more) latitude or longitude grid space.

8.4. Lower Boundary Perturbations Generated Using Spherical Harmonics: Results

Perturbation matrices generated using the random spherical harmonic method have been used
to demonstrate the increase in size of the possible sample space for ensemble members when
LBC perturbations are incorporated. First, the minimum and maximum h,,,,, and N,,,,, values
are obtained for each 2.5° latitude-longitude grid point, for every 10 minute time step in a
24-hour day, and over a wide range of environmental conditions without perturbing the LBCs
(i.e. using GSWM output for LBCs). 192 combinations of test scenario conditions are

considered, using every combination of the environmental conditions listed in Table 7.

Table 7. Values used for the date, solar activity, hemispheric power and cross-tail potential

when determining minimum and maximum values of hmF2 and NmF2 for unperturbed LBCs.

Test case environmental | Values used

condition

Date 21 March, 21 June, 21 September, 21 December

F10.7 70, 160, 250

Hemispheric power 11.96, 39.07, 109.87, 300 (corresponding to Kp =0, 3, 6 and 9:
equation 3.31)

Cross-tail potential 15.0, 67.2, 133.8, 214.8 (corresponding to Kp = 0, 3, 6 and 9:
equation 3.32)
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Figure 70. Arrow size and colour represent the magnitude of the wind speed. Top: Randomly
generated perturbation matrix used for analysis. Note the large structure at low-latitudes in the
sunrise sector. Middle: GSWM output for lower boundary horizontal winds at 0:00 UT in mid-
March. The shaded region indicates night-time locations on the ground. Bottom: Perturbed
lower boundary horizontal winds for mid-March at 0:00 UT generating by summing the
perturbation matrix and GSWM output. Note the region of increased wind speed east of central
America, due to perturbation matrix winds with the same direction as the winds with the
greatest speed in GSWM output. The perturbation matrix shifts longitudinally by 15° per hour

to keep structures stationary in relation to the day-night terminator.

A comparison between the minimum unperturbed N,,,, and h,,,, values (across 192 test cases)
and the minimum N,,,, and h,,,, values from the 21 June test case with F10.7 = 70,
hemispheric power = 300, cross-tail potential = 214.8 (hemispheric power and cross tail
potential corresponding to Kp = 9), and perturbed LBCs is shown in Figure 71. This perturbed
test case is chosen as it demonstrates significant decreases in N4, and h,,,4, When compared
to unperturbed test cases. TIE-GCM output is with 2.5° latitude-longitude resolution. However,
for ease of comparison, 10-minute output across a 24-hour day is binned according to local time
in one-hour bins. The minimum N,,,4./hma, Value across the 192 test cases is considered.
Regions in which the perturbed test case do not produce lower N, ;. /hmax Values than all 192
test cases are shown in white. If the perturbed test case does provide lower N4, and Ap,q.
values than the minimum values from the 192 test cases, the difference between these values is

shown according to the colourbar. The proportional changes are also shown for the perturbed
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Figure 71. The reduction in Nmax (top left) and hmax (bottom left) for the 21 June test case with
F10.7 = 70, hemispheric power = 300, cross-tail potential = 214.8, and the lower boundary
wind perturbations shown in Figure 70, compared to the lowest Nmax and hmax values across all
192 test cases with unperturbed lower boundaries. Also shown are the proportional values of
the single perturbed test case Nmax (top right) and hmax (bottom right) values compared to the
lowest Nmax Or hmax values from 192 unperturbed test cases (e.g. if the perturbed Nmax value is

equal to 90% of the lowest unperturbed Nmax value, the proportional value is 0.9).

test case when compared to the lowest values from 192 unperturbed test cases. For example, if
the perturbed N,,,, OF h,,4, Value was equal to 90% of the lowest unperturbed value, the

proportional value would be 0.9. The most significant N,,,, value reductions occur at low
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latitudes between 1700 and 2000 LT. However, reductions in excess of 25% are observed in
the southern hemisphere at most latitudes up to 60°S between 1700 and 2000 LT, and are
present at some latitudes between 1600 and 2200 LT. Similar proportional reductions can be
seen in a smaller region in the northern hemisphere between 2000 and 2300 LT. Np,qx
reductions of around 50% can be observed in the southern hemisphere between 1800 and 2000
LT. N, reductions of up to 15% can also be observed at southern hemisphere mid latitudes
in the early morning. The most significant changes to h,,,, occur around sunrise (due to
delayed uplift of the ionosphere following sunrise) and post sunset. Some southern hemisphere
higher latitudes show significant h,,,, reductions throughout the day. However, some of these
reductions are caused by slight movement of the auroral region, in which TIE-GCM peak

electron densities do not occur in the F region.

The N, and h,,., changes for all 192 perturbed LBC test cases are now considered,
comparing the minimum and maximum N,,,, (Figure 72) and h,,,, (Figure 73) values across
all perturbed cases with the minimums and maximums from the 192 unperturbed cases. Small
reductions in the minimum N,,,,, can be produced in almost all regions and local times (Figure
72), apart from during the night at one northern hemisphere polar latitude (86.25°N). Significant
proportional reductions (up to 25%) are seen for the minimum N,,,,, at low latitudes throughout
the night. The regions with the greatest proportional reductions in the minimum N,,,,, are in
similar locations to those for the single test case considered in Figure 71, although the size of
this region has increased. Significant changes to the minimum N,,,, can also be observed at
auroral latitudes, particularly in the morning and late afternoon/early evening sectors. The
perturbed lower boundary winds are also able to generate N,,,, Values which are greater than

those produced by 192 unperturbed test cases. Small increases to the maximum N,,,, are
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present at all locations apart from locations close to the equator and at high latitudes in the

northern hemisphere, with the most significant increases occurring at low and mid latitudes

during the morning. Proportional increases to the maximum N, are less extreme than

reductions to the minimum N, ..., with few locations experiencing N,,,, increases greater than

15%. Test cases with perturbed lower boundary winds are able to produce lower h,,,, values

than unperturbed test cases at all locations and UTs (Figure 73). The most significant reductions
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perturbations shown in Figure 70.
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Figure 73. Differences (left) and proportional changes (right) between minimum (top) and
maximum (bottom) h,,,, values from 192 unperturbed test cases and the minimum (top) and
maximum (bottom) h,,,, Vvalues from 192 test cases with the lower boundary wind

perturbations shown in Figure 70.

(50 km or greater) in h,,,4, (compared to the minimum unperturbed values) occur throughout
the night and during the late afternoon at lower latitudes, and extends to higher latitudes around
the hours of sunrise and sunset. There are also significant h,,,, reductions at high latitudes
throughout the 24-hour day. However, a contributing factor to these reductions may be the

transition from a F region peak to an E region peak shifting to neighbouring grid cells. Perturbed
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lower boundary test cases can also generate h,,,, values greater than the maximum h,,,,, values
from all unperturbed test cases. h,,,, increases are observed at almost all latitudes and UTs,
with the most extreme increases (200 km or greater) occurring between 2300 and 0600 UT at

low latitudes.

8.5. Lower Boundary Perturbations: Discussion and Future Work

The application of a perturbation matrix to GSWM lower boundary horizontal winds has
generated peak electron densities and corresponding heights which are beyond the range
generated by unperturbed test cases for the same set of model conditions. Therefore, the
inclusion of lower boundary perturbations increases the sample space spanned by AENeAS
ensemble members. However, it should be noted that under some test case conditions extreme
changes to h,,,q, and N,,,,, can be produced by disrupting wind flow close to the terminators,
thereby impacting the uplift and downwelling of plasma in the sunrise and sunset sectors. If all
ensemble members include this terminator wind disruption, similar ionospheric conditions
could be generated across all ensemble members. Therefore, the range of AENeAS ensemble
backgrounds may be mapped to a different subsection of the total sample space rather than
increasing the sample space size. This may result in a loss of orthogonality across ensemble

members rather than the desired increase.

The method described for generating the perturbation matrix includes scaling of the matrix
values so that the peak zonal and meridional wind speeds are equal to 100 ms™. Future work
may include setting the peak wind speeds equal to a value drawn from a probability distribution

(e.g., an exponential probability distribution). This would avoid significant disruption to
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terminator wind flow across a large number of ensemble members, while still increasing
variability across AENeAS ensemble members (compared to all ensemble members having
unperturbed LBCs). An alternative solution could include damping of wind perturbations

within the sunrise and sunset sectors.
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9. CONCLUSIONS

Within this work ionospheric models have been used to test the concept of a multistatic
over-the-horizon radar (MOTHR) and to forecast low-latitude scintillation. Furthermore, lower
boundary wind perturbations have been used to drive additional variability between ensemble
members for an ensemble data assimilation ionospheric model, which is used to support high
frequency (HF) communications for aviation and ionospheric environmental forecasts. The
additional variability between ensemble members has the potential to improve ionospheric
specification, which could in turn improve scintillation forecasting skill and over-the-horizon

radar (OTHR) modelling accuracy.

Using 2D numerical ray tracing and an empirical ionospheric model (FIRIC; Section 3.4) with
continuous electron densities and gradients, a comparison of over-the-horizon radar sensitivity
has been performed for a pseudo-monostatic and a multistatic OTHR configuration. Use of a
multistatic configuration permits the calculation of target velocities (rather than radial speeds)
from a single radar sweep, and makes it harder for targets to be hidden in clutter when the signal
from the illuminated region can be detected by multiple receivers. The multistatic configuration
requires the simultaneous detection of a target by a pseudo-monostatic receiver and (at least)
one of two bistatic receivers located in arbitrarily selected locations. A comparison was
performed to determine the region of coverage and sensitivity possible for each configuration
when multiple frequencies could be selected. The coverage area for the multistatic
configuration was very similar to the monostatic coverage area. The multistatic configuration
has slightly poorer sensitivity than the monostatic configuration, particularly in the regions for
which the monostatic sensitivity is highest. However, this loss of sensitivity is not severe

(< 10 dB m?), and targets with radar cross sections of ~ -10 dB m? can still be detected at some
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locations. A comparison is also considered for the sensitivity and coverage which is possible
across a range of ionospheric conditions, including low and high solar activity, midnight and
midday, during March, June, September, and December. The same behaviour is observed as for
the previous test case; the coverage area is similar for the multistatic and monostatic
configurations, and the drop in sensitivity for the multistatic configuration is not severe. Targets
with a RCS of 5 dB m? or more can still be observed by the multistatic configuration at most
locations within the coverage area across all 16 considered test cases. These results suggest that
a MOTHR configuration has performance comparable to the monostatic configuration with an
acceptable level of sensitivity loss. However, as the multistatic configuration includes a
pseudo-monostatic receiver, a multistatic configuration could still be wused in a
pseudo-monostatic mode when necessary for increased sensitivity. Analysis within this work
has assumed that transmitters and receivers have a homogeneous gain of 0 dB. Future work
could include the incorporation of improved (and more realistic) antenna designs. This will
impact results due to differences in the antenna and array gain patterns when transmitting or

receiving to different directions with respect to the orientation of the array.

A novel approach to forecast low-latitude ionospheric scintillation using output from an
ionospheric model (TIE-GCM; Section 3.5) has been described and implemented. A proxy for
vertical plasma drift (PVPD) at the magnetic equator is used to predict whether strong
scintillation will be observed in the subsequent evening at low-latitude locations with a similar
longitude. This method was compared to an existing method which uses Rayleigh-Taylor
growth rates (RTGRs) determined from TIE-GCM output to predict low-latitude scintillation.
Test cases were reproduced from previous RTGR forecasting case studies. Additional test cases

were also considered, for all periods in which the lonospheric Scintillation Monitor in Vanimo,
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Papua New Guinea was operational and scintillation was observed reasonably regularly. RTGR
forecasting requires a greater number of model outputs at a far greater number of locations than
PVPD forecasting. Despite this, in almost all test cases for which either PVPD or RTGR
forecasting demonstrated forecasting skill (by outperforming at least 95% of forecasts which
are sequences of random numbers), PVPD forecasting matched or outperformed RTGR
forecasting (and outperformed persistence forecasting) when suitable PVPD and RTGR
thresholds are known. PVVPD performance was also considered for one test case when PVPD
values were generated using a data assimilation ionospheric model (AENeAS; Section 3.6),
using the mean of the ensemble of PVPD values. Forecasting skill was shown to improve
significantly when using PVPD forecasting with AENeAS compared to PVPD or RTGR

forecasting with TIE-GCM.

A method to use the ensemble of PVPD values from AENeAS to generate probabilistic
forecasts has been described. Probabilistic PVPD forecasting work is ongoing, and will be
developed further with a view to operational use within the UK Met Office Space Weather
Operations Centre. Appropriate PVPD thresholds will need to be determined for longitudes
which have not yet been considered, which may be dependent on factors such as season and
solar activity. A possible method for developing scintillation forecasts for specified times and
including the latitudinal spread of irregularities has been discussed. However, the success of
this method will be dependent on whether the previously described relationships between h’F
and the latitudinal extent or duration of scintillation events (Sridharan et al., 2014) are observed

for locations other than Trivandrum, or whether alternative relationships can be determined.
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The forecasting skill of P\VPD forecasting and OTHR modelling are dependent on the accuracy
of the ionospheric specification. The success of ionospheric specification with AENeAS is, in
part, dependent on variability between ensemble members. Following the assimilation of
observations, ionospheric conditions are propagated forward using TIE-GCM. TIE-GCM s
driven by solar (F10.7 solar flux) and geomagnetic (Kp) indices. However, the lower boundary
conditions specified using output from the Global Scale Wave Model (Hagan et al., 1993) are
only dependent on the day of year and time of day. The effects at higher altitudes of
homogeneous perturbations to TIE-GCM lower boundary horizontal wind speeds (scaling)
have been discussed, and larger homogeneous wind speed changes have been shown to produce
a greater proportion of significant hmF2 changes than small wind changes. These hmF2 changes
demonstrate that perturbations to TIE-GCM lower boundary conditions can impact modelled
conditions at higher altitudes, including in the F region. Perturbations to lower boundary
temperatures were found to impact the model stability, so the remaining focus was on
perturbations to lower boundary winds. A method to generate lower boundary wind
perturbations which include local variations was introduced, in which global perturbations are
produced using the sum of scaled randomly generated spherical harmonic functions. This
method was shown to generate small-scale structures, and is also capable of generating
large-scale structures which are present in some, but not all, global perturbations (thereby
adding additional variability between global perturbations). The addition of a global
perturbation to lower boundary winds was shown to produce electron density peak values and
heights which could not be produced by unperturbed TIE-GCM simulations with a wide range
of solar and geomagnetic conditions. Therefore, the addition of locally varying lower boundary
wind perturbations was shown to increase the range of possible ionospheric conditions which

ensemble members could take. However, care needs to be taken to ensure that this does not
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result in all ensemble members being mapped to the same region of the total state space, as this
may reduce the area of the state space which can be represented rather than increasing it. To
avoid this, a randomly generated scaling of the global perturbation may be beneficial, so similar
large-scale changes to ionospheric conditions are only seen in a small subset of ensemble

members.
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10. FUTURE WORK
In Section 8 it was demonstrated that the methodology described therein was able to increase
the size of the sample space of ionospheric conditions. However, it has not been explicitly
demonstrated that this improves the accuracy of AENeAS output. An obvious approach to
demonstrate whether AENeAS ionospheric specification is improved would be to determine
AENeAS output for the same environmental conditions both with and without perturbed lower
boundary conditions (LBCs). Model output could then be compared directly with ionospheric

observations from instrumentation, such as ionosondes.

Section 6 showed that a proxy for vertical plasma drift (PVPD) determined using output from
a physics-based model could be used for scintillation forecasting. However, the forecasting skill
was shown to significantly improve when using output from the Advanced Ensemble electron
density (Ne) Assimilation System (AENeAS) rather than the physics-based model, due to the
improvement in ionospheric specification. Therefore, if the accuracy of ionospheric
specification with AENeAS is improved further by including perturbed LBCs, adding perturbed
LBCs would improve the accuracy of PVPD scintillation forecasting. AENeAS output both
with and without perturbed LBCs could be used to generate proxy for vertical plasma drift
(PVPD) values. Comparisons with scintillation observations using the methodology of Sections
6 and 7 could then determine whether the perturbed LBCs improve scintillation forecasting skill

when using the PVPD forecasting method.

Over-the-horizon radar (OTHR) simulations were used in Section 5 to demonstrate the viability
of a multistatic OTHR. However, the same methodology could be used to determine the

expected coverage and frequency management for an operational OTHR system. Furthermore,
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ray-tracing through output from an ionospheric model can be used for coordinate registration
in an operational system. In Section 5, output from a climatological ionospheric model was
used for ray-tracing. A climatological ionospheric model was suitable for the analysis within
Section 5; however, effective coordinate registration for an operational OTHR requires
ionospheric specification with a high level of accuracy, particularly for bistatic configurations
(as the transmitter-target ray path is distinct from the target-receiver ray path). Use of an
ionospheric data assimilation model (such as AENeAS) would improve ionospheric
specification (compared to a climatological model) and, therefore, increase the accuracy of
coordinate registration. Furthermore, if the accuracy of ionospheric specification with AENeAS
is improved with the addition of perturbed LBCs (using the methodology of Chapter 8), the
accuracy of ray-tracing and, therefore, coordinate registration will increase further. Propagation
paths produced by ray-tracing through AENeAS output, both with and without perturbed LBCs,
could be compared to observations of HF skywave transmissions to determine whether

ray-tracing accuracy is improved.

The forecasting skill of PVPD forecasting was demonstrated in Section 6 by comparing PVPDs
with Global Positioning System scintillation observations. However, plasma irregularities
within the ionosphere can impact radio propagation for a wide range of transmission
frequencies, including HF. OTHR transmissions scattered by plasma irregularities can result in
unwanted radar echoes, referred to as ionospheric clutter (Jangal et al., 2009; Thayaparan &
MacDougall, 2004). Therefore, PVPD forecasting could be used to predict the nights on which
an OTHR is more likely to be impacted by low-latitude ionospheric clutter. Furthermore, if
PVPD forecasting can be developed using the approach described in Section 7.2 (predicting

plasma irregularity duration and latitudinal extent to forecast the occurrence of scintillation at
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a chosen time and location), PVPD forecasting could be used to provide accurate predictions
of target positions or look angles for which OTHR surveillance may be impacted by
low-latitude ionospheric clutter at a chosen time. Therefore, the combined topics of focus within
this work could potentially contribute to accurate frequency management, coordinate
registration and low-latitude ionospheric clutter mitigation for an operational monostatic,

bistatic or multistatic OTHR system.
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