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Abstract

This thesis presents three completed objectives related to the operation of the high-frequency

(HF) Super Dual Auroral Radar Network (SuperDARN) radars.

The first objective was to gain a general understanding of how radio waves propagate

through the Earth’s ionosphere to result in SuperDARN echoes. To accomplish this, a

raytracing program was developed that models propagation through a non-uniform ionospheric

electron density distribution. Consistent with previous publications, it was found that

ionospheric echoes from the heights of ∼200-300 km (F region echoes) occur at distances of

∼600-1600 km from the radar. Such echoes are critical for monitoring ionospheric plasma

flows, the main scientific objective of the SuperDARN experiment.

The second objective in this thesis was assessing the quality of the ionospheric electron

density estimates from elevation angle measurements by the Rankin Inlet (RKN) SuperDARN

radar. RKN measurements of electron density are compared with concurrent measurements

from an ionosonde and an incoherent scatter radar within RKNs field of view. Reasonable

agreement between the instruments is shown for daytime conditions. When the density is very

low, such as during nighttime, RKN is prone to overestimation. This is related to ambiguities

in the phase of the interferometer signal used to determine elevation.

Finally, the third and main objective in this thesis was an investigation of factors affecting

SuperDARN F region echo occurrence rates. We examine diurnal, seasonal, and solar cycle

variations in the occurrence of SuperDARN echoes in the polar cap of both hemispheres. We

also examine possible connections between echo occurrence and background electron density,

and with electric field/plasma flow velocity. Data from three radars in each hemisphere was

considered over a time scale of up to a decade, from 2007-2017. Echo occurrence is shown to

increase toward the solar cycle maximum, more distinctly on the nightside, consistent with a

general trend of increased background electron density. The pattern of seasonal and diurnal

variations in echo occurrence is consistent for all the radars, with more prominent features in

the southern hemisphere. The echo occurrence rate is shown to increase with the electron

density but only up to a certain threshold value after which the dependence saturates. The

echo occurrence rate is also sensitive to the plasma flow velocity magnitude (electric field),

which controls the intensity of ionospheric irregularities. This effect is more prominent in the

daytime of summer.
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Chapter 1

Introduction

The Sun delivers energy to Earth not only through electromagnetic radiation such as visible

light, but also through the solar wind. The solar wind is a stream of charged particles flowing

outward from the Sun, carrying quasi-static electric and magnetic fields, as well as kinetic

energy. Understanding energy transfer from the Sun to the near-Earth environment is a

major target of solar-terrestrial physics (e.g., Kivelson and Russell, 1995). Work in this

area is important for various practical applications, such as the reliable operation of electric

power grids and pipelines. This is because variations in the electric and magnetic fields and

simultaneous precipitation of energetic particles from near-Earth space into the high-latitude

upper atmosphere excite strong electric currents. These currents can then induce unwanted

currents in electrical grids and in buried pipelines, and can damage transformers.

Earth’s magnetic field presents an obstacle to the solar wind. It is sufficiently strong to

change the motion of the charged particles, giving rise to several electric current systems in the

near-Earth environment (Hargreaves, 1992; Kelley, 1989; Kivelson and Russell, 1995). Some

currents flow through a conductive layer of the upper atmosphere called the ionosphere. As

its name implies, the ionosphere has a relatively high concentration of ionized particles (up to

5×1011 m−3). The primary driver of ionization in this region of the atmosphere is ultraviolet

light from the Sun (Hargreaves, 1992; Kelley, 1989; Kivelson and Russell, 1995). Currents

exist only where there is a relative flow between positively charged ions and negatively

charged electrons. By monitoring the motion of charged particles and electric currents in

the ionosphere, we can learn about the complex electrodynamic processes in the near-Earth

environment and better understand the physics of the Sun-Earth system.

Monitoring particle motions in the vast space around the Earth is a daunting task. One

approach to this is by making measurements using instruments onboard spacecraft (Kivelson

and Russell, 1995). Unfortunately, space-based missions are very expensive and can cover

only a small region near the satellite track. Although the role of space-born experimentation

is continuously growing, our knowledge about high-altitude particle motion has so far been

gained mostly through observations from the ground. Many ground-based instruments use
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radio waves to probe the ionosphere (Hunsucker, 1991).

One of the successful international experiments aimed at studying particle motion in

the Earth’s ionosphere is the Super Dual Auroral Radar Network (SuperDARN) (Chisham

et al., 2007; Greenwald et al., 1995; Nishitani et al., 2019). SuperDARN is a collection of

high-frequency (HF) radars that transmit electromagnetic pulses into the ionosphere and

detect weak echoes from decameter-scale perturbations/irregularities in electron density.

These electron density irregularities exist at altitudes of 100-300 km. The velocity of these

echo-producing irregularities is measured for multiple radar beam positions and ranges, and

large-scale maps of particle motions at the ionospheric level are built from these data.

One weakness of SuperDARN plasma motion monitoring is that the occurrence of

ionospheric echoes is sporadic. Determination of echo occurrence rates as well as understanding

the reasons for these rates is a task important for the operation of SuperDARN. Although

there have been several attempts to assess the echo occurrence rate for some SuperDARN

radars, no clear picture has emerged. Several factors affecting echo onset have been identified,

such as solar illumination and magnetic activity (e.g., Danskin et al., 2002; Ghezelbash et al.,

2014a,b; Lamarche and Makarevich, 2015), but how they operate, and their relative role is

largely unknown.

One of the major tasks undertaken in this thesis was investigating HF signal formation

from the ionosphere. For this, I developed a raytracing program which helps us figure out

how echoes occur and where they might be observed.

Recently, a method was suggested by which SuperDARN data could be used to infer the

maximum electron density in the ionosphere. This peak electron density is typically found at

heights of ∼300 km (André et al., 1998; Ponomarenko et al., 2011). The reliability of this

method is currently under investigation. With more than 30 radars operating, this method

could make SuperDARN a valuable source of information on global-scale electron density

distributions under varying ionospheric conditions.

Another goal in this thesis was to investigate the reliability of SuperDARN electron

density estimates. This is done by comparing measurements made by one of the radars in

the Canadian Arctic with two other instruments capable of measuring the electron density in

the ionosphere: an ionosonde and an incoherent scatter radar.

The remainder of the thesis is experiment-based investigation of the conditions affecting

SuperDARN echo detection. The work to be undertaken includes assessing the echo occurrence

rates of SuperDARN radars operating close to the magnetic pole and attempting to clarify

the contribution of various factors, such as the activity of the Sun (solar cycles), the relative

location of the sun in the sky (seasonal and diurnal trends), and electron density, to echo

occurrence rates.
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The structure of this thesis begins with an introduction of some of the major and relevant

concepts of ionospheric physics. Following this chapter is an explanation of some of the

principles of SuperDARN operation, with a brief description of two other instruments used to

measure ionospheric electron density. The next chapter explores potential areas of expansion

for SuperDARN operations, including my raytracing program and the aforementioned density

estimations. After that are two chapters examining factors that may affect the ability of

SuperDARN radars to collect data. The final chapter of this thesis summarizes the completed

work, and presents currently unexplored avenues of research that may serve as starting points

for future work.

1.1 Sun-Earth environment

This section introduces some the major parts of the near-Earth environment and the major

concepts behind processes occurring here. Much of the information is based on materials

presented in the books by Hargreaves (1992); Kelley (1989); Kivelson and Russell (1995).

1.2 Earth’s ionosphere

Earth’s atmosphere becomes less dense at higher altitudes. Up to the heights of ∼100 km,

the atmospheric density of neutral particles decays exponentially as a function of height as

N = N0e
(− h

H
) (1.1)

where N0 is the neutral density at ground level, h is the height above ground, and H is the

scale height found from

H =
kBT

Mg
(1.2)

where kB is the Boltzmann constant, T is the atmospheric temperature, M is the mass of

an individual particle, and g is acceleration due to gravity. The scale height in the lower

atmosphere is about 10 km. Below 100 km the atmosphere is well-mixed, with all species

of particles having the same scale height. At higher altitudes, different species behave with

their own scale heights. The neutral density profile of the atmosphere is shown in Fig. 1.1a.

Starting from the heights of ∼50 km, a considerable number of charged particles are

present in addition to the neutrals. This region, called the ionosphere, extends to an altitude

of ∼1000 km. Due to the presence of the charged particles, the ionosphere is electrically

conductive. Charged particles in the ionosphere behave as a plasma, which is a quasi-neutral
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Figure 1.1: (a) Height distribution of the density (number of particles per cubic meter)
for various neutral particles in the Earth’s atmosphere (Hargreaves, 1992). (b) Height
distribution of the plasma electron density (given in particles per cubic centimeter) in the
Earth’s ionosphere (Kelley, 1989). During daytime, 3 layers/regions are evident: D (< 100
km), E (∼100 km), and F (∼300 km) regions.

ionized gas. Not all particles in a gas must be ionized for it to be plasma, but the ionization

must be to a sufficient extent so that the motion of individual particles is strongly influenced

by the electric and magnetic effects from the collection of other particles.

Several physically distinct layers of the ionosphere have been identified. These are known

as the D, E, and F regions. These different regions are characterized by their different plasma

density profiles, as shown in Fig. 1.1b.

1.3 Plasma parameters

Plasmas are characterized by a number of parameters. Here we introduce three that are

specifically important for ionospheric plasma: plasma frequency, gyrofrequency, and Debye

length.
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1.3.1 Plasma frequency

In a plasma, separation of the positively charged ions from the negative electrons leads to a

polarization electric field, causing electrostatic oscillation. The frequency of this oscillation is

given by

ωp =

√
neq2

mε0
(1.3)

where ne is the number of electrons per unit volume, m and q are the mass and charge of

the electron, and ε0 is the permittivity of free space. This frequency is referred to as the

plasma (critical) frequency. For electrons in the ionosphere, plasma frequency is typically 107

rad/s. Ions also oscillate, but at much lower frequencies around 5×104 rad/s, because they

are much more massive than electrons.

1.3.2 Gyrofrequency

Charged particle motion in the near-Earth environment is greatly affected by the Earth’s

magnetic field. A particle moving in a plane perpendicular to a magnetic field with strength

B experiences a force ~F = q(~V × ~B) meaning that the resulting acceleration is in a direction

perpendicular to both the ~B-field and the current velocity of the particle. Charged particles

therefore end up moving in circles with a gyrofrequency of

Ω =
qB

m
(1.4)

In the ∼50 µT magnetic field of the Earth, this equation gives a gyrofrequency for electrons

of 8.8×106 rad/s. The gyrofrequency of ions is variable since different species of ions have

different masses, but a value of 150 rad/s is typically used as an approximation.

1.3.3 Debye length

An important property of plasma is its quasi-neutrality, meaning that the charge density

of electrons being roughly equal to that of ions. An interesting consequence of this is that

the long-range electrical fields of individual particles are greatly diminished. The electrical

potential of a single charged particle in free space is inversely proportional to distance. In a

plasma, the voltage potential drops off as (for derivation, see Appendix A)

V ∝ 1

r
exp (− r

λD
) (1.5)
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In this equation, λD is the Debye length, and is equal to
√

(kBTε0)/(q2ne). For typical

ionospheric conditions, λD∼1 cm.

1.4 Motions of ionospheric plasma

For modeling plasma as a fluid, two equations are important: the continuity equation and

the momentum equation. The continuity equation describes the conservation of particles,

and is typically written as
dns
dt

+∇(ns · ~Vs) = Ss−Ls (1.6)

where ~Vs is the bulk velocity of particles of a given species s (either electrons or ions), Ss

is the rate at which those particles are created, and Ls is the rate at which they are lost.

In the text to follow, I will neglect sources of ionization and consider the losses as −βrecns,
where −βrec is the coefficient of electron-ion recombination. This linear proportionally (with

respect to plasma density) is generally applicable to F region plasma.

The momentum equation (Kelley, 1989), given as

ms
d~Vs
dt

= qs( ~E+ ~Vs× ~B)−νsms
~Vs−

1

ns
∇(nskBTs) (1.7)

balances changes in momentum on the left side of the equation with the forces acting on the

plasma on the right side. The first term on the right-hand side represents the Lorentz force

which is due to electric E and magnetic B fields. The second term describes an effective

friction due to collisions between particles, with νs representing the collision frequency

between charged particles and neutrals. The final term is the plasma pressure gradient. The

plasma pressure is calculated from the number of particles per unit volume and the average

temperature of particles of the species.

In ionospheric plasma, there is typically a quasi-static electric field. The mechanisms for

how this field occurs in the ionosphere are the subject of Section 1.6. Here we show how such

a field gives rise to electric currents within the plasma.

For a ‘cold’ plasma (T = 0), the guiding center velocity of particle drift can be calculated

with relative ease for a steady state (zero acceleration) from the momentum equation

1.7. For a right-handed coordinate system where ~B = −B0ẑ and ~E = E0x̂, the simplified

momentum equation 0 = q( ~E0 + ~V × ~B)/ms−νs~V can be split into x and y components as

0 = (Ωs(E0/B0− ~Vy)−νs ~Vx)x̂+(Ωs
~Vx−νs ~Vy)ŷ which can be solved for each component to

yield

~Vx =
E0

B0

Ωsνs
Ω2
s+ν2

s

(1.8)
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and
~Vy =

E0

B0

Ω2
s

Ω2
s+ν2

s

(1.9)

The magnitude E0/B0 is often referred to as the E×B drift velocity.

Motion in the direction of the ~E× ~B (ŷ) is referred to as Hall drift or convection, while

motion in the direction of electric field (x̂) is called Pedersen drift. Since Ωs carries the sign

of the charge of a species of particle, Pedersen drift is in opposite directions for ions and

electrons. This drift in opposite directions constitutes a net movement of electric charge,

which is an electric current in the plasma. Ions and electrons move in the same ~E× ~B

direction for Hall drift. E0 is typically on the order of 50 mV/m, resulting in E×B drift

velocities of 1000 m/s.

In the F region, the collision frequency ν is much smaller than the gyrofrequency of either

ions or electrons, leading to the simplification

~Vx =
E0

B0

νs
Ωs

(1.10)

and
~Vy =

E0

B0

(1.11)

In the E region, the collision frequency of ions is much greater than their gyrofrequency, so

their velocity components are

~Vx =
E0

B0

Ωi

νi
(1.12)

and
~Vy =

E0

B0

Ω2
i

ν2
i

(1.13)

The collision frequency of electrons is also higher in the E region, but it is still much less

than their gyrofrequency. While electrons are still mostly moving in the ~E× ~B direction, ion

motion, especially in the ~E× ~B direction, is negligibly small.

The relative drift between electrons and ions in a plasma (Hall drift at E region heights

and Pedersen drift at F region heights) is a source of energy which can be transferred to

electrostatic waves, leading to the development of what we call plasma instabilities.
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1.5 Gradient drift instability as a source of ionospheric

irregularities

Plasma instability is a process by which a spontaneous initial perturbation in the plasma,

for example a perturbation in the electron density, grows over time. Instability leads to

formation of ionospheric regions with enhanced or depleted plasma density, often positioned

in a quasi-periodic fashion. These regions are referred to as irregularities, and in an otherwise

uniform ionosphere they can cause scattering of electromagnetic waves such as those from

man-made radio sources. This scattering can be used to remotely infer various properties of

the plasma, such as the density of charged particles. Analysis of scattered electromagnetic

signals allows the study of the ionosphere using radio systems such as HF radars. One

prominent mechanism of plasma instability, the gradient drift plasma instability (GDI), is

explained below.

Figure 1.2a is an illustration of the processes occurring in the F region while the GDI

develops. The assumed background conditions are: there is a large-scale gradient in the

plasma electron density (along the y axis) with characteristic scale L = 1
n
dn
dy

, the electric field
~E0 (along the x axis) is oriented perpendicular to the density gradient, and the magnetic

field ~B0 is oriented downward (along the z axis).

In this configuration, the bulk plasma flow is Hall drift in the +y direction at F region

heights. Along this direction, the electrons and ions move at the same velocity, so there is no

relative drift between them, and as a result no energy is available to cause the growth of a

density perturbation. Along the x direction, however, ions experience significant Pedersen

drift. The electrons are moving much more slowly in this direction, and can be considered to

be stationary by comparison. We consider an initial sinusoidal perturbation of the plasma

density propagating along the x axis. Combined with the background electric field, this will

lead to an increase in ions at the areas in Figure 1.2 marked with + signs, and a decrease at

the areas marked with - signs. This is because ions move in the direction of the background

field, and the number of ions that can move from any given area is proportional to the ion

density in that area. Few ions move out of areas with low plasma density (light grey in Fig.

1.2a), leading to the - sign area having a decreased electric charge. Many ions move out from

areas of enhanced plasma density (light yellow in Fig. 1.2a), leading to the + sign areas

having an increased electric charge.

The charge difference across an enhancement or depletion results in a polarization electric

field δ ~E (green arrows in Fig. 1.2a). In a region with enhanced plasma density, this field

is opposite to ~E0 and so the resulting δ ~E× ~B drift of the whole enhancement is in the -y
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Figure 1.2: (a) A scheme illustrating development of the gradient drift instability (GDI) at
the F region heights of the high-latitude ionosphere. The light-yellow blobs correspond to
regions with enhanced density while light grey blob shows reduced density. (b) Electron
density distribution around the edge of a plasma slab resulting from the development of the
GDI (modified from Gondarenko and Guzdar 2004). The bottom, middle, and top panels
correspond to time t=0.44 hr, 0.9 hr and 1.8 hr after the instability onset.

direction. This movement is against the gradient of the background plasma density; the

enhanced density region moves into a more depleted background. This implies that the

contrast in density between the perturbation and the background becomes larger, signifying

growth of the perturbation. For the region with decreased density (light grey in Fig. 1.2a)

the δ ~E× ~B drift is in the direction of increased background plasma density, again giving an

increasing contrast in density between the perturbation and the background.

Figure 1.2b illustrates the development of the GDI by a simulation using equations 1.6 and

1.7 governing plasma dynamics in two dimensions. The bottom panel shows the beginning of

the process, at a time of 0.44 hr after the onset of the instability, where the perturbation is

limited to the boundary of the high background density region. The next panel (middle, at

time=0.9 hr) shows the regions with dense plasma (thin yellow structures) expanding to the

left where the background plasma is more depleted (dark area). Similarly, the structures of

depleted plasma expand to the right into the region of higher background density. The top

panel (time=1.8 hr) shows a late stage of the instability development when the whole area of

computations is filled with turbulent plasma, with perturbation of many size scales.

A mathematical analysis of the instability is made using the continuity equations 1.6 and

momentum equations 1.7. These equations are linearized; assuming for example, n = n0 +δn,
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~E = ~E0 + δ ~E, and writing equations for perturbed values, δn, δ~V , δ ~E ∝ exp(ikx− iωt).
Considering the terms that are linear with respect to perturbations, the continuity equation

becomes

−iωδn+∇n0δ~V +n0∇δ~V +∇δn~V0 = −βrecδn (1.14)

The equation for the motion of cold perturbed plasma is

−iωδ~V = Ω(δ ~E/|B0|−δ~V × êz)−νsδ~V (1.15)

which can be broken into components in the x and y directions as

(νs− iω)δ ~Vx = Ω(δE/B0−δ ~Vy) (1.16)

and

(νs− iω)δ ~Vy = Ω(−δ ~Vx) (1.17)

In the F Region, Ω � ν and considering low-frequency oscillations, ν � ω, the velocity

perturbations have magnitudes δ ~Vy = δE
B

and δ ~Vx = ν
Ω
δE
B

, mirroring equation 1.8 and 1.9.

Putting these velocity expressions into the continuity equations gives

(−iω+ ik ~Vex+βrec)
δn

n
+(

1

L
+
νe
Ωe

ik)
δE

B0

= 0

(−iω+ ik ~Vix+βrec)
δn

n
+(

1

L
+
νi
Ωi

ik)
δE

B0

= 0

and requiring non-trivial solution of the resulting system of equations (for ions and

electrons), one gets the dispersion equation

(−ω+k ~V0ex− iβrec)(ik
νi
Ωi

+
1

L
) = (−ω+k ~V0ix− iβrec)(ik

νe
Ωe

+
1

L
) (1.18)

Assuming that the angular frequency consists of a real and an imaginary part in the form

ω = ωr+ iγ, the real part of equation 1.18 is then

(−γ−βrec)(
νe
Ωe

− νi
Ωi

) = (
νi
Ωi

− νe
Ωe

)
E0/B0

L
(1.19)

from which can be found the expression for growth rate

γ =
E0/B0

L
−βrec (1.20)

Expression 1.20 implies that the instability grows faster in the presence of stronger electric
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fields and background density gradients. A more general case of GDI derivation has been

reviewed in Tsunoda (1988). Equation 1.20 implies that the recombination processes suppress

the development of the instability.

1.6 Electric connection of the ionosphere with outer

space

Decades before the discovery of the ionosphere, strong perturbations were detected in Earth’s

magnetic field at high latitudes (e.g., Kivelson and Russell, 1995). Since the 1920s, when

the ionosphere was recognized as a highly-conductive layer of the upper atmosphere, the

existence of high-altitude electric fields has been accepted. This section briefly describes how

these electric fields are established.

As the solar wind flows around the Earth’s magnetic field, it interacts. The region in

which this interaction is most prominent is known as the magnetosphere. On the sun-facing

side, the magnetosphere has a blunt ‘nose’ that extends ∼10 times Earth’s radius (RE). On

the other side of Earth, the magnetosphere stretches out to form the magnetotail, which can

be hundreds of RE in length. The boundary between plasma driven by the solar wind and

plasma controlled by Earth’s magnetic field is called the magnetopause.

The solar wind carries an electric field of several mV/m governed by the equation
~Esw = − ~Vsw× ~B/B2, where ~Vsw is the speed of the solar wind plasma flow.

When the magnetic field carried in the solar wind, traditionally referred to as the

Interplanetary Magnetic Field (IMF), is oriented southward (in the negative Z direction as

shown in Fig 1.3), the applied electric field is directed from dawn to dusk (Fig. 1.3). The

electric potential associated with this electric field can be applied to the magnetosphere

and mapped down to the ionosphere of the polar cap along highly conducting magnetic

field lines (Kelley, 1989). This is expected on the front side of the magnetosphere where

Earth’s magnetic field lines towards the dawn and dusk sectors of the magnetosphere, in the

low-latitude boundary layer (LLBL), are connected to the ionosphere. In this case, the solar

wind acts as a voltage source applied across the polar cap. Since the magnetic field lines are

closer together near Earth, the electric field becomes more intense (Fig. 6.1 in Kelley, 1989).

The large-scale dawn-to-dusk electric field in the polar cap ionosphere is supported through

field-aligned currents (FACs) connected to the LLBL source. These FACs are known as the

Region 1 (R1) currents (Iijima and Potemra, 1976). R1 FACs flow into the ionosphere on

the dawn side (point 1 in Fig. 1.3), and back out on the dusk side (point 2 in Fig. 1.3).

Spatially, R1 currents are confined to the poleward edge of the auroral oval (Kelley, 1989).
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The established electric field, in combination with Earth’s magnetic field, drives ionospheric

plasma away from the noon sector, toward the midnight portion of the oval across the polar

cap. Plasma is not accumulated on the night side of the aural ionosphere, but is moved back

toward the noon sector at much lower latitudes roughly along the equatorial portion of the

oval through both the dawn and dusk segments. This gives a 2-cell convection pattern.

Ionospheric plasma flow at high latitudes is affected by another voltage source located in

the magnetotail at the inner edge of the plasma sheet (Kivelson and Russell, 1995). This

source is related to the plasma particle motion effects associated with particle diamagnetic

drift at the inner edge of the plasma sheath, Fig. 1.3.

Figure 1.3: An illustration of some regions of the Earth’s magnetosphere and magnetospheric
currents connected to the conducting high-latitude ionosphere. The yellow belt is the auroral
oval, a region of strong particle precipitations. (Courtesy of A.V. Koustov).

Considering the magnetotail, where under external dawn-to-dusk electric field (such as

one impressed by the solar wind electric field Esw) and northward (upward) magnetotail

magnetic field, the plasma density-enhanced region on the night side is drawn back towards

the Earth by ~E× ~B drift. As the plasma enhancement reaches the inner edge of the plasma

sheath, a polarization electric field is established in the direction from dusk-to-dawn (the
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opposite direction of Esw) (Kivelson and Russell, 1995). Effectively, this field signifies a

positive potential/charge at the dusk side portion the plasma sheath inner edge (See Fig. 1.3),

and negative effective charge on the dawn side. The formation of this effective positive charge

at the dusk side of the density-enhanced region is the result of more positive particles arriving

to the edge compared to leaving from it. The voltage difference across the density-enhanced

region allows FACs to flow into the conducting ionosphere on the dusk side of the auroral

zone and out of the ionosphere on its dawn side so that a closed loop current is established.

The FACs in this circuit are termed Region 2 (R2) currents, and their ionospheric footprints

are near the equatorward edge of the auroral oval (Kelley, 1989). R2 FACs are also supported,

at least partially, by diverting some of the ring current (Fig. 1.3).

It is believed that R2-related currents in the ionosphere do not flow across the entire polar

cap but instead are partially connected to R1 FACs, making an enhanced ionospheric current

flow (in the plane perpendicular to the magnetic field) from point 3 to point 2 and from point

1 to point 4, Fig. 1.3. This means that electric fields of opposite polarity (with respect to

that in the polar cap) exist in the auroral oval areas. The quasi-stable combination of R1

and R2 FACs support the polar cap electric field of 10-30 mV/m directed from dawn to dusk.

It is important to note that all of the above explanations assume that the solar wind

magnetic field is directed southward, in the negative Z direction (for directions, see Figure

1.3). This is known as the southward-oriented Interplanetary Magnetic Field (IMF). The

3-D current systems are more complex when the IMF is oriented northward (Kelley, 1989;

Kivelson and Russell, 1995).

1.7 Objectives

The ability of SuperDARN to monitor plasma motions in the ionosphere and electrical

connections to regions outside the ionosphere depends on the rate of occurrence of echoes.

Despite ongoing efforts by the SuperDARN community to better understand the roles of

various factors, no well-established picture has emerged. One interesting idea that has been

under intense investigation over the last several years is the role of background electron

density in the ionosphere, especially within the volume where radio waves are backscattered.

Researching echo detection rates may provide additional information on various processes

occurring in ionosphere such as the structuring of plasma.

New SuperDARN radars are being built in various countries based on the availability of

funding. It is a worthwhile effort to properly assess the chances for a radar to significantly

contribute to the network. For example, geographic latitude is known to strongly affect

ionospheric parameters such as plasma density, which may in turn affect the quality or
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quantity of SuperDARN data.

This thesis aims to take a comprehensive look at reasons for echo detection in the polar

cap, with a focus on the role of ionospheric electron density. For that purpose, an independent

instrument that measures the electron density within the radar field of view is required. This

configuration exists in the Canadian sector of the Arctic, where several ionosondes have been

operating for years and have been joined relatively recently by an incoherent scatter radar at

Resolute Bay (Nunavut).

The specific goals of this thesis are as follows:

� Create raytracing software that would allow for relatively quick HF ray tracing in a 2-D

ionosphere. The primary purpose of this program is as a tool for visualizing the physics

of radio wave propagation through varying electron densities in the ionosphere. This

software should also enable us to compare ionospheric models to radar observations.

� Assess the quality of SuperDARN radar estimates of the F region peak electron density

based on elevation data for ionospheric echoes. This work needed to be done in general,

as a positive outcome opens up numerous opportunities to utilize SuperDARN data

across the network for quick and global-scale estimates of the electron density in the

ionospheric F region. For this thesis, establishing periods of reliable SuperDARN

electron density measurements allows the use of SuperDARN-based electron density

data for investigation into the occurrence rate of ionospheric echoes.

� Establish long-term variations in occurrence of F-region SuperDARN echoes in the

polar cap of both Northern and Southern Hemispheres. Limited SuperDARN work

on the occurrence of PolarDARN echoes (northern hemisphere) has been done in

the past (Ghezelbash, 2013). I am to extend that work by considering all available

data, including multi-frequency observations in specialized modes, and a significantly

extended data base. A longer data set allows investigation of long-term trends and

would more reliably address details of the seasonal variations. An important aspect of

the work is to investigate echo occurrence rate in geographic coordinates thus making a

closer connection with the solar irradiation of the upper atmosphere and the related

plasma density.

� Establish the extent to which the long-term trends in polar cap SuperDARN echoes

are influenced by the long-term variations of the electron density and electric field in

the ionosphere.
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Chapter 2

HF radar as an instrument for iono-

spheric studies and other supporting

instruments

2.1 SuperDARN radars

SuperDARN is network of HF radars. Currently, the network consists of 36 units monitoring

echoes in 3 distinct regions: mid-latitudes, the auroral zone, and the polar cap. Figure 2.1

shows the locations of SuperDARN radars in both hemispheres, as well as a belt-like region

called the auroral oval. The auroral ovals mark high-latitude regions where strong particle

precipitations (in the form of auroras) occur most frequently. The poleward edge of the oval

lies close to an important boundary, delineating regions of open and closed magnetic field

lines of the Earth’s magnetic field.

SuperDARN radars are categorized by location into three groups: mid-latitude, auroral

zone, and polar cap radars respectively monitoring plasma motions equatorward of the auroral

oval, in the oval, and poleward of the oval.

SuperDARN radars operate at 8 kW peak transmitting power, sending out HF radio

waves with frequencies of 8-20 MHz. Today, many radars operate alternating between 10

MHz and 12 MHz. A SuperDARN facility has a main array of 16 antennas. Using computers

to control the phasing of this array, the radars can form the outgoing signal along a specific

direction, referred to as a beam. Most radars scan along 16 beam directions, spaced 3.24◦

apart. The width of a beam depends on the transmission frequency but is typically ∼5◦.

To study the ionosphere, a radar sends out a series of high-intensity radio pulses along a

beam direction, separated by a sequence of differing time delays called lags. In the times

between sending pulses, the transmitters are turned off, allowing the antennas to be used

for signal reception. The time between sending and receiving a given pulse is equal to twice

the distance to target divided by the speed of light. The pulses have a duration of 300 µs,
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Figure 2.1: Locations of the SuperDARN radars currently operating in the (a) Northern
and (b) Southern Hemispheres. The meaning of abbreviations for various radars can be
found at the official SuperDARN Website: http://vt.superdarn.org/tiki-index.php. Red
contours show lines of magnetic latitude. The yellow belt-like regions are auroral ovals for
moderately disturbed conditions, as quantified by Holzworth and Meng (1975). The coloring
of radar locations is as follows: green - polar cap latitudes, blue - auroral latitudes, and red -
mid-latitudes. (Taken from Nishitani et al. (2019))

resulting in range gates with a spatial resolution of 45 km. The first range gate in which

data are collected usually starts at a distance of 180 km from the radar. Most radars gather

data in 75-110 range gates along each beam direction.

The signals that SuperDARN receives are echoes of those it sends out. When a radio pulse

travels through areas of varying plasma density, some of the energy of the pulse is scattered

back towards the radar. The power of this backscattered signal is proportional to the variation

in plasma electron density δn2
e. When there is periodic perturbation in plasma density with

a spatial length equal to half the wavelength of the incoming radio wave, the backscattered

signals interfere constructively, giving a greater overall power to the returned signal. Since

SuperDARN uses frequencies on the order of 10 MHz, the irregularities responsible for echoes

are in the decameter range (10-15 m). Quasi-periodic variations in ionospheric plasma density

arise from various instability mechanisms, such as the gradient drift instability discussed in

Section 1.5. Plasma irregularities are stretched along Earth’s magnetic field lines. As a result,

the plasma density fluctuations produce SuperDARN echoes only if they are orthogonal to

the magnetic field. The result is that SuperDARN echo occurrence depends not only on the

existence of irregularities, but also on the direction of propagation of the radio waves.
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Since the amount of power backscattered is very small compared to the initial pulse, most

of the signal continues propagating. This can result in echoes being received from multiple

irregularity-containing regions along the propagation path.

Another noteworthy source of SuperDARN echoes is the ground. Due to the ionosphere

refracting radio waves, SuperDARN radio paths can be bent towards the ground. Upon

hitting the ground, the signal is reflected back up into the ionosphere. As with ionospheric

scatter, ground scatter sends some amount of signal back to the radar while also allowing for

further propagation. The signals which reflect back from the ground directly to the radar

are termed “ground scatter”. Since the reflecting medium is the ground, these echoes show

very low Doppler velocities, and have a very narrow spectral width. The signals that reflect

forward from the ground can go on to encounter ionospheric irregularities at far ranges.

We call this the 11
2
-hop propagation mode. Although 11

2
hop-signals are fairly common in

SuperDARN data, they are usually weaker than direct ionospheric scatter. This is not only

due to the power dispersion that comes with a longer propagation path, but also due to the

attenuation that radio waves experience as they pass through the highly-collisional plasma of

the ionospheric D region. In the auroral zone, strong particle precipitation can enhance the

D region and lead to significant attenuation of radio signals.

The echoes measured by SuperDARN are electric fields, which contain no information

besides amplitude and phase. Plasma properties such as bulk plasma velocity have to be

determined from this limited information.

2.1.1 Doppler velocity

When a wave is emitted by a moving source, or detected by a moving receiver, the frequency

of the wave is Doppler shifted. The frequency received fr is a function of the frequency

transmitted ft and the speed of the receiver Vr and transmitter Vt as

fr = ft
c±Vr
c∓Vt

(2.1)

where c is the speed of light. When a radio signal with frequency f0 sent from SuperDARN

reaches plasma irregularities, the plasma (acting as a receiver) is affected by a wave with

frequency f1 = f0·(1+V/c) where V is the speed of the plasma moving towards the transmitter.

The scattering of the radio signal off of the moving plasma results in another frequency shift

at the receiver site. The resulting frequency measured by SuperDARN is

f2 = f1
c

c−V
= f0

c+V

c−V
(2.2)
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Since V is small compared to c, we can approximate the received frequency as

f2 = f0(1+2V/c), which can be solved for velocity as V = c(f2−f0)/2f0. SuperDARN

uses a method referred to as the autocorrelation function (ACF) analysis for the purpose of

deriving the Doppler shift of the received signal.

2.1.2 Autocorrelation function

If instead of plasma, SuperDARN radio pulses were scattered only by a mirror located 600 km

from the radar, then the received signal would be a copy of the transmitted pulse sequence,

delayed by 4 ms. Determining the distance to the target, as well as its velocity, would be

very simple. Unfortunately, the HF radar target is “soft”; the signal is accumulated over an

extended scattering volume. SuperDARN receives backscattered signals from many ranges,

which can be over 1000 km apart. Complicating matters further is the fact that an echo of a

pulse sent earlier may scatter off a far-away plasma irregularity and return to the radar at

the same time as an echo of a more recent pulse scattered from a nearby irregularity. Finally,

the scattered power of an echo is small enough that it can be hidden under background noise.

To make a measurement, SuperDARN analyzes an Autocorrelation Function (ACF). For

a received signal R, the ACF magnitude A is given as a function of the lag number k as

A(kτ) =
∑
R(t)R∗(t+kτ), where R∗ is the complex conjugate of R and τ is the shortest lag.

The varying sequence of lags between pulses being sent is to maximize the number of distinct

lags for the ACF. To increase the overall signal strength, SuperDARN radars typically repeat

their pulse sequence 25-30 times over the 3 second window that they spend on each beam

direction, integrating the signals. This integration is used because random noise does not

tend to add, while coherent signals do. A more thorough example of the ACF technique is

given in Appendix B.

A plot of the ACF versus lag number is shown in Fig. 2.2. Over the course of many

lags, the ACF takes the shape of a decaying complex wave. This decay can be seen easily

by taking the magnitude of the ACF, as in Fig. 2.2b. Random noise prevents the trend

from going to zero but provides a useful baseline against which to compare signal strength.

The power of an echo is calculated as the ratio between the power at lag 0 and the late-lag

noise of the ACF. From fitting an expected Lorentzian curve with the form Pλ(τ) = Pλe
−λkτ ,

where λ is the decay constant, SuperDARN estimates the spectral width of echoes as the

half-power width of the distribution.

The phase θ of the complex ACF is equal to the arctangent of the imaginary part over

the real part. The rate dθ
dk

at which the phase of the ACF changes can be used to find the
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Figure 2.2: A sketch illustrating the approach to SuperDARN signal processing termed
FITACF. (a) The real and imaginary parts of the ACF versus time lag number. (b) The
power of the ACF versus time lag number. (c) The phase of the ACF versus lag number.

Doppler velocity of the plasma as

V =
dθ

dk

c

4πf0

(2.3)

In practice, the data points of the ACF are not perfectly linear, so dθ
dk

is derived from a

best-fit line. Since the arc-tangent function always has a value between -π to π, the phases

must be shifted by multiples of 2π to form a linear trend. This ambiguity in phase leads to a

maximum measurable velocity by SuperDARN. Any shift of more than π is indistinguishable

from a smaller shift in the opposite direction. Since the ACF has a shortest lag of τ , the

maximum phase rate it can measure is dθ
dk

= π/τ . As before, the frequency shift in the signal

is (f2−f0) = dθ
dk
/2π. This translates into a maximum measurable velocity of Vmax = c/(4τf0).

With f0 of ∼10 MHz and τ of 2.4 ms, this gives Vmax = 3.1 km/s.
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In this thesis, I used data processed by FitACF version 2.5, and filtered the based on

multiple parameters. I took all data points with ’gflag’ (a 1-bit flag that FitACFF uses to

denote ground scatter) to be occurrences of ground scatter. Since we suspected that some

occurrences of ground scatter or just stray noise might erroneously be in the raw data set,

the filtering criteria for ionospheric scatter were more restrictive. To be considered as an

occurrence of ionospheric scatter, an echo must have a power (signal to noise) between 3-70

dB, a spectral width between 20-500 m/s, and a velocity with magnitude between 10-2000

m/s, and of course must have the gflag not set.

2.1.3 Elevation angles and electron density

Many SuperDARN radars have two sets of antennae; the main array is used to send and

receive signals, while the interferometer array is located typically 100 m away (either in

front or behind) and functions only as a receiver. Signals from the interferometer array are

used to calculate the angle at which an incoming signal arrives. For an incoming radio wave

originating at an elevation of 0◦ (directly in front of the radar), the signals at the main

and interferometer arrays will be identical but offset in time by 333 ns. Conversely, a wave

originating directly above the site will reach both arrays at the same time. The relationship

between the angle of arrival φ0 and the time delay δt is given by δt = dcos(φ0)/c, where d is

the separation between the main and interferometer arrays, and c is the speed of light.

Work by Ponomarenko et al. (2011) gives a method to infer ionospheric electron density

from SuperDARN elevation angles. This method assumes that the ionosphere electron

density is a function of altitude in a spherically layered ionosphere. In this case, radio signals

propagating over long distances near the top of the F region will scatter from similar elevation

angles over multiple sequential range gates, returning to the radar through the “Pedersen

Mode” (Davies, 1990).

Radio propagation in the ionosphere can be described by Snell’s law for a spherical

geometry (Fig. 2.3) as

cos(φ0) =
h+RE

RE

×ηcos(ψ) (2.4)

where RE is the radius of the Earth, h+RE is the altitude of the refraction point (measured

from the center of the Earth), ψ is the angle of the magnetic field line (within the scattering

volume) with respect to horizontal, φ0 is the elevation angle of propagation with respect to

horizontal, and η is the index of refraction. Knowing the elevation angle allows us to solve

2.4 to find the index of refraction, which for ionospheric plasma is related to the plasma
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frequency ωp and radar frequency ω0 as

η =

√
1−(

ωp
ω0

)2 (2.5)

From this equation we can find the plasma frequency ωp, which can then be used in solving

equation 1.3 for plasma density as ne = mε0ω
2
p/q

2.

Figure 2.3: Schematic illustrating the application of Snell’s Law in the spherical geometry of
the ionosphere.

Figure 2.4: An example of real (raw) elevation angle data for the RKN radar recorded on
25 January 2016. Nearly constant elevation angles, used for electron density estimates, are
colored in green. At far ranges, there is a mix of high (red) and low (blue) elevation angles.
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Fig. 2.4 shows an example of SuperDARN elevation angle data taken from RKN radar.

To plot these data the instrumental delays were corrected as described in Ponomarenko

et al. (2018). In Figure 2.4, elevation angles do not change much with range gate in many

instances, as evidenced by the dominating dark green color. These measurements correspond

to Pedersen ray detection. High elevation echoes (red) are mixed with low elevation (blue)

echoes at far ranges of the echo band. This is the result of an ambiguity in radio wave phase

The reason for this strange behavior is discussed in the next section.

2.2 Phase ambiguity problem

In the technique used by Ponomarenko et al. (2011) (we will call it “the P2011 technique”) it

is assumed that the ionosphere is spherically symmetric so that, through Snell’s law, the index

of refraction of plasma in the scattering volume can be inferred from the elevation angle of

echo arrival φ. Since elevation angles for Pedersen rays and those coming from the maximum

of the F layer differ insignificantly (as can be shown by ray tracing for typical ionospheric

conditions), the density inferred can be considered as a proxy for the F layer electron density

maximum NmF2. On a practical side, to measure NmF2, one needs to identify the occurrence

of Pedersen rays by setting up a condition for nearly constant elevation angles in a number

of radar range gates and infer the echo arrival angle φ.

In the algorithm implemented in Ponomarenko et al. (2011) Pedersen rays were identified

within SuperDARN data by looking for 5 sequential range gates with about the same elevation

angles anywhere between range gates 15 and 40.

Since the distance between the main and interferometer array exceeds the radar wavelength

by 3-5 times, there is an uncertainty in determination of elevation angles (e.g., Ponomarenko

et al., 2018) in that a single measurement could correspond to one of multiple propagation

paths in the ionosphere. This is demonstrated in Fig. 2.5. Ultimately, this ambiguity arises

from the fact that a 2π phase shift in a sinusoidal wave has no discernible difference from 4π

shift. The exact elevation at which this ambiguity occurs is given as (Ponomarenko et al.,

2018)

φmax = sin−1

√
2(
λ

d
)cos(b)−(

λ

d
)2 (2.6)

where λ is the wavelength, d is the separation between the main and interferometer arrays

and b is the azimuthal angle (relative to the radar boresight, which is the direction between

the main and interferometer arrays) of the beam under consideration.

SuperDARN elevation angles are calculated from phase offsets by assuming that all echoes

come from the lowest possible elevations (0-45◦). Without very high electron densities, it is
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Figure 2.5: Diagram showing the phase relationship between radio waves when SuperDARN
receives signals from various elevations. In this figure, the main and interferometer arrays
are 100 m apart, and the radar is operating at 10 MHz, corresponding to a 25 m wavelength.
Elevations of 5◦ (a) and 25◦ (b) have distinct phase offsets. Without color coding, the phase
in (a) would be indistinguishable from that in (c), even though these panels show a difference
of 40◦ elevation.

unlikely that any radio wave above 45◦ will experience enough refraction to result in an echo

(as can be seen in Fig. 3.2). Although this problem is unlikely to have a major impact on

results in a statistical sense, it might be critically important for some individual events.

Two limitations of the method are important to keep in mind. Echoes arriving from

above the SuperDARN elevation limit φmax (40-45◦ depending on radar frequency) will be

reported as having low elevation angles, and thus by the P2011 method, low electron densities.

This scenario might occur on the dayside, especially during high solar activity, when the

ionospheric electron density can be high (e.g., Themens et al., 2014). There is also limit

on the minimum density that can be measured. This is because in a spherically-stratified
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ionosphere, even a zero-elevation ray enters plasma at a non-zero angle with respect to the

contours of constant refractive index (electron density) as can be seen from the lowest rays in

Fig. 3.2(a).

The above two effects imply that the technique has upper and lower limits on measurable

ne, on the order of 8×1011 m−3 and 0.55×1011 m−3, respectively (Ponomarenko et al., 2011).

We also note that for low RKN elevation angles (<5◦), statistical fluctuations inherent to

SuperDARN signals can result in the aforementioned elevation ambiguity operating in reverse

(reporting elevation angles close to the upper calculation limit), causing the electron density

inferred with the method would be significantly overestimated. This scenario is expected to

occur on the nightside, especially in winter, and generally at the far edges of echo bands.

In this thesis a decision has been made to remove measurements that may have been

affected by the issue of ambiguous interferometer phase. More specifically, we considered the

deviation of the phase from its maximum possible value

Φadj = Φmax−Φmeasured (2.7)

where Φmeasured is the measured phase of the signal and Φmax is the maximum possible phase

for a measurement given as

Φmax = kdcos(b) (2.8)

where k is the wavenumber, d is the separation between the main and interferometer arrays

and b is the azimuthal angle (relative to the radar boresight, which is the direction between

the main and interferometer arrays) of the beam under consideration. Measurements with

Φadj >250◦ were discarded, under the hypothesis that the actual Φmeasured was flipped because

it was close to the theoretical limit of maximum possible phase. The specific value of 250◦

was selected through a trial-and-error process, attempting to remove as many suspect points

as possible without removing large swaths of real and acceptable data. This thesis shows

that such a procedure is not ideal (Chapter 3) and improvements are needed (Chapter 6).

2.3 Incoherent scatter radar

Incoherent Scatter Radar (ISR) also uses radio waves to gather information about the

ionosphere. Unlike the other instruments, ISR transmits at frequencies upwards of 200 MHz.

Since the operational frequency is much higher than any plasma frequency in the ionosphere,

ISR signals are largely unaffected by the index of refraction and reflection effects. Using such

high frequencies allows ISRs to send out signals in extremely narrow beams, on the order of

1◦. Another benefit to using frequencies above the plasma frequency is that the signal from
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an ISR can penetrate through the entire ionosphere.

The signal received by the ISR is incredibly small. To compensate for this, an ISR

typically uses power on the order of MW (as compared to SuperDARN peak power of 8 kW)

and frequently integrate their signals over several minutes.

The pulse sent out in an ISR beam subjects all charged particles within the scattering

volume to a large electric field. The electrons oscillate and send out a signal at nearly the

plasma frequency.

The random thermal motion of the electrons results in a small Doppler shift in the signal,

which slightly broadens the spectrum. There is also a weak signal close to the electron

gyro frequency. The strongest signals are obtained when radio waves scatter on ion-acoustic

fluctuations. This part of echo signal is commonly referred to as the ion line. The power of

the signal returned to the radar is proportional to the total number of electrons within the

scattering volume.

Figure 2.6: A close view of the ion line of an ISR frequency spectrum. fT is the transmitted
frequency, f0 is the mean Doppler shift, and ∆f is the spectral width. Figure taken from
Kelley (1989)

RISRs determination of plasma parameters comes mostly from an analysis of the frequency

spectrum of returned signals. The ion line in the spectrum typically has a width of ∼5 kHz,

and a double-humped shape, as shown in Figure 2.6. The total power of the signal below the

ion line curve is proportional to the electron density in the scattering volume. The shift of

the whole spectrum from the transmission frequency gives the Doppler velocity of the bulk

plasma motion along the radars line of sight. The width of the side wings stems from the

thermal motion of the electrons, and so is related to the electron temperature. The relative

intensity of the side wings to the center point is related to the ratio of the temperatures of

the ions and electrons Te/Ti.
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For the experiment of Chapter 3, we used the Resolute Incoherent Scatter Radar (RISR).

RISR is one of the new Advanced Modular ISRs. Rather than the traditional style of

using a single large dish (like Arecibo, Hunsucker (1991)), RISR is made up of an array of

computer-controlled radio units. It has 121 panels, each with 32 antennae. Since each element

in RISR can be controlled independently of the others, the whole array can be phased to

create and steer beams in arbitrary directions. By switching between different beams very

quickly, RISR is able to measure multiple areas of the sky at the same time. RISR operates

at ∼443 MHz and has a range of 100-600 km.

RISR has two modes of operation. World-Day mode uses 11 beams, and Imaging mode

uses 51. The height resolution of RISR measurements is determined by the length of the

pulses used. The RISR electron density profiles used in this thesis (mainly Chapter 3) were

given with a height resolution of ∼25 km. The data are usually processed with integration

time of 1 or 5 min. The longer integration time provides smaller error bars in measurements,

which is a primary reason why these electron density profiles will be used in my research.

The raw data were processed by Dr. R. Gillies (U of Calgary) and fitted data were obtained

by Mr. D. Lavoie (U of Saskatchewan).

2.4 Ionosonde

An ionosonde is an instrument that can measure ionospheric electron density distribution

roughly in the zenith of its location (Hargreaves, 1992; Holter and Omholt, 1973; Hunsucker,

1991). Ionosondes are often used for quick measurements of the E and F region peak electron

densities.

Data from the Canadian Advanced Digital Ionosonde (CADI) located at Resolute Bay

(Nunavut) is used in this thesis. CADI is an example of a low-cost modern digital ionosonde

(Jayachandran et al., 2009). CADI has one transmitting antenna and four receivers. Multi-

receiver configurations are common among modern ionosondes because they allow the use of

interferometry techniques to determine the origin point of any particular returned signal.

Similar to SuperDARN, ionosondes send HF radio waves into the ionosphere and measure

return signals to infer ionospheric parameters. Unlike a SuperDARN radar, an ionosonde

transmits vertically and does not typically look for coherent backscatter from irregularities.

Instead, ionosondes primarily look for reflections from ionospheric regions where the plasma

critical frequency (given by Equation 1.3) exceeds the frequency of the transmitted signal.

These regions can be localized blobs of enhanced density or a uniformly-distributed dense

plasma.

By measuring the time between the transmission and return of a signal, one can calculate
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the distance (and thus height) at which a scattering event occurred. The basic relationship

is h = cδt
2

, with h as the virtual height, c as the speed of light (in a vacuum), and δt as the

time of flight.

This equation does not accurately give the real height of a reflection, because it assumes

that the radio waves from the ionosonde propagate up to (and then back from) the reflection

point at a speed of c. The real height of the scattering event is lower because radio waves

propagate in the ionosphere with a group speed slower than c.

To find out the actual height of scattering, we first calculate the real propagation

speed (group velocity), which is given by Vg = dω
dk

, with ω =
√
k2c2 +ω2

p. This gives

Vg = c
√

1−(ωp

ω
)2, which is always less than c. The real height of the scattering event is the

integral of the group velocity over the propagation time. Since Vg < c, then hreal < hvirtual.

By varying the frequency of transmitted signals, an ionosonde is able to build a profile of

the ionosphere. The index of refraction is related to the ratio between the plasma frequency

and the radio frequency (Equation 2.5). When the transmission frequency is less than the

plasma frequency, the index of refraction is imaginary, and the radio waves are reflected. As

seen in Fig. 1.1b, the electron density increases with altitude. An ionosonde takes advantage

of this by finding the minimum radio frequency (the critical frequency) to penetrate up to

a certain height into the ionosphere. As the transmission frequency approaches the critical

frequency of a dense layer in the ionosphere (such as the E or F region peaks), the index of

refraction decreases towards 0, and so does the wave group speed. This causes the virtual

height to increase dramatically, theoretically to infinity.

To measure the electron density profiles with an ionosonde, height vs frequency data are

gathered into an ionogram (such as seen in Fig. 2.7), which is then analyzed Hunsucker

(1991).

The ionogram here shows height of the radio signal reflections (on the vertical axis) as a

function of the transmission frequency (on the horizontal axis). The transmitted frequency is

varied over a 1-minute period (in this specific case) from ∼1 to 10 MHz (nominally 20 MHz is

used). Three ionospheric layers can be seen, at 3.2 MHz (E region), 4.6 MHz (F1 region) and

6.5 MHz (F2 region). The electron density at the maximum of a layer can determined from

the critical frequency according to Equation 1.3.

One complication, well seen in the ionogram of Fig. 2.7 for F2 traces is that there

are two closely-spaced traces showing a sharp increase of virtual height near ωp. This is

because in the presence of Earths magnetic field, the index of refraction has additional terms

dependent on the magnetic field magnitude (Hunsucker, 1991). For this reason, ordinary

(at lower frequencies for the same virtual height) and extra-ordinary (at higher frequencies)

components of the signals are seen as two separate traces. While the trace for the ordinary
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Figure 2.7: A standard digital ionogram produced by the CADI ionosonde at Resolute Bay
on 1 September 2011 at 18:10 UT (near local noon). Courtesy of David Themens (University
of New Brunswick)

component shows the expected virtual height increase at the electron plasma frequency, the

extra-ordinary component is separated by roughly half of the electron gyrofrequency, which is

about 1 MHz at ionospheric heights. Double-trace ionograms such as this require additional

attention.

In the work to be presented here, the ionogram scaling was done manually by Dr. D.

Themens of the University of New Brunswick.
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Chapter 3

New applications of SuperDARN radars

Despite more than 25 years of SuperDARN operation (Greenwald et al., 1995) and the

well-established and widely used products such as global-scale convection maps and cross

polar cap potential (Chisham et al., 2007), new applications of the radars are still emerging.

One application is the previously mentioned ability to estimate the peak electron density in

the ionosphere. The reliability of these estimates is a subject covered later in this chapter.

Another new use of the SuperDARN radars covered in this chapter is as a point of real data

for comparison and refinement of statistical models of the ionosphere (such as IRI (Bilitza

et al., 2017) and E-CHAIM (Themens et al., 2017)). Before going into the details of to these

new applications, we should understand some of the basic physics behind coherent signal

formation.

The discussion and analysis in this thesis of these new applications is based on SuperDARN

ionospheric echoes. Similar approaches can be developed for ground scatter, however such

work is beyond the scope of this document.

3.1 Power of coherent HF echoes

We start with the current understanding of the major parameters which generally determine

the power of coherent ionospheric echoes, without considering propagation factors such as

ionospheric refraction and signal attenuation.

Booker (1956) proposed the first theory of radio wave scattering based on coherent but

weak Bragg scattering from wavelike structures (plasma irregularities) in the ionosphere. At

that time, the irregularities were associated with effects of neutral wind and remnants of

meteors. Plasma instabilities, such as the Gradient Drift Instability reviewed in Chapter 1,

were suggested much later (e.g., Kelley, 1989). Booker’s theory is still the cornerstone of our

current understanding of coherent backscatter.

Booker assumed that linearly polarized radiation from a transmitter of a given power

was scattered from a volume of the medium. In this volume, ionospheric irregularities would
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be stretched along magnetic field lines due to the much faster diffusion processes in this

direction. He calculated the backscattered power per unit solid angle, per unit incident power

density, and per unit volume as (Booker, 1956)

σ = 〈δε
ε

2

〉π
2

λ4
P (l,m, n)|λirr=λradar/2 (3.1)

where ε is the permittivity of the medium, λ is the transmitted radio wavelength, and

P (l,m, n) is the Fourier transform of the 3-D autocorrelation function of δε/ε with unit

vectors l, m, and n, in the direction of radio wave propagation at a scale such that the

wavelength of irregularities is about half the wavelength of the radar. The original formulation

also included a term for the angle between transmitter and receiver, which is taken to be

unity for SuperDARN backscatter.

According to Equation 3.1 the backscattered power is proportional to mean square

fractional deviation of δε. For the radio waves in the ionosphere, the permittivity is related

to the refractive index as η =
√
ε/ε0. The refractive index in the HF band is found as

η2 = 1− (ωp/ω0)
2 where ωp =

√
nee2/ε0me is the angular plasma frequency and ω is the

angular frequency of the incident radio wave. This can be used to calculate the perturbation

in relative permittivity as

δ(
ε

ε0
) = δ(1−(

ωp
ω

)2) = −δne
e2

ε0meω2
(3.2)

where δne is the perturbation of electron density associated with plasma irregularities. From

here, we can use e2/me = 4πre/µ0, with re is the classical electron radius and µ0 as the

permeability of free space, to get

δε

ε0
= −δne

4πre
ε0µ0ω2

(3.3)

Since ε0µ0 = 1/c2 and ω = kc = 2πc/λ, we can simplify the expression to

δε

ε0
= −δne

4πrec
2λ2

(2πc)2
(3.4)

which means that the relative permittivity term in Equation 3.1 can be written as

〈|δε/ε|2〉 = r2
eλ

4/π2〈|δne|2〉 (3.5)
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Applying this expression to Equation 3.1 relates σ to δne as

σ = 〈|δne|2〉r2
eP (l,m, n) (3.6)

This equation indicates that the power of coherent echoes is proportional to the amplitude of

ionospheric irregularities and also to the P term.

P depends on the spatial extent of irregularities and the geometry of measurements such

as the angle with respect to the plasma flow and the aspect angle. These dependencies are

very difficult to assess either by looking at the theoretical non-linear evolution of the GDI, or

by direct experiment with radars. This lack of knowledge limits progress in the field.

Rocket measurements show that ionospheric plasma density perturbations have a

magnitude of ∼5% of the background density (Kelley and Mozer, 1973; Ogawa et al., 1976;

Schlegel, 1992). Limited rocket measurements at the F region heights also showed the

maximum values in the range 5-10%, consistent with measurements at the E region heights

(Mori et al., 1988). For the E region heights, the δn/n increases noticeably with the electric

field

The relationship between echo power and the intensity of electron density fluctuations

can be paired with the assumption that irregularity amplitudes are a consistent percentage

of background density (δne ∝ ne) to give us

σ ∝ n2
e〈|
δne
ne
|2〉 (3.7)

Since the amplitude of coherent echoes is proportional to the ambient electron density in

the scattering volume, we can potentially infer the absolute values of electron density from

coherent radar data. We note that the correlation of VHF E-region echo amplitude and

electron density has been established (Williams et al., 1999). For HF echoes that are to be

considered in this thesis, this conclusion can be treated as a hypothesis requiring experimental

confirmation.

One final thing to note is that this relationship is for coherent scatter radars. ISRs

measure the electron density by measuring the echo power of electromagnetic radiation

scattered by ion-acoustic waves constituting the background thermal fluctuations (Hargreaves,

1992). This is possible because the ion-acoustic wave amplitude depends only on temperature.

Conversely, ionospheric irregularities in the decameter range are excited through various

plasma instabilities and thus have amplitudes affected by external drivers such as the E×B
plasma drift.
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3.2 Modeling of HF echo formation in the high-latitude

ionosphere

3.2.1 Model description

Since HF radio waves are strongly affected by ionospheric refraction, tracing their propagation

is a fundamentally important component of research with high-latitude coherent radars. It

is customary to consider ray tracing in a 2-D slice of ionosphere, oriented vertically and

along the original path of travel of a signal. This is because although radio waves can be

refracted laterally, tracing such paths is much more complex and requires detailed knowledge

of the variations in ionospheric electron density in all directions, data which is typically not

available. Another feature seldom addressed in ray tracing is the expected power of echoes.

Again, this is due to the lack of required information about many parameters influencing

the signal. Among those are the intensity of ionospheric irregularities δn
n0

, the background

electron density in the scattering volume, signal attenuation with the off-orthogonality angle,

signal attenuation in the D region, and other effects (Danskin, 2003).

In this section, I examine the results of ray tracing (Figure 3.2) performed for beam 5

of the Rankin Inlet (RKN) SuperDARN radar, with conditions approximating 19 UT on 6

March 2016. This event is the subject of another project, beyond the scope of this thesis.

Beam 5 of RKN was chosen because it is directed toward the Resolute Bay Incoherent Scatter

Radar (RISR), an instrument capable of measuring ionospheric electron density profiles.

Since the data from RISR do not cover the area near RKN, the electron density distribution

used in this ray tracing was adopted from the Empirical-Canadian High Arctic Ionospheric

Model (E-CHAIM) (Themens et al., 2017). This model is based on mostly ionosonde data

(for this instrument see Section 2.4) with a focus on the electron density in the Canadian

sector of the Arctic. The model is statistical, giving rough estimates for specific conditions.

It shows most known long-term trends such as diurnal, seasonal, and solar cycle variations

(Themens et al., 2017). Figure 3.2a presents the electron density distribution in the relevant

space as a colored background. The electron density maximum is at a height of ∼300 km

at all latitudes, and the density decreases toward higher latitudes. For the specific moment

selected, RISR shows somewhat smaller densities and an F region peak at a much higher

altitude (∼455 km) than predicted by E-CHAIM.

To obtain electron density values in the entire viewing zone of the radar, the E-CHAIM

densities were taken on a grid of 20 km ground distance and 5 km in height. During ray

tracing, values from this grid were interpolated to exact locations. Additionally, since the

E-CHAIM model does not consider heights below 90 km, the density there was taken to be
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n = n0×exp(h−90
8

), where n0 is the electron density at 90 km, and h is the height above

ground in km.

Snell’s law, for calculating refraction at an interface between media with differing indices

of refraction, is

η1cos(φ1) = η2cos(φ2) (3.8)

where φ is the elevation relative to horizontal propagation, and η is the index of refraction.

For a spherical geometry, Snell’s law changes only slightly, becoming

η1(RE +h1)cos(φ1) = η2(RE +h2)cos(φ1) (3.9)

where h is the height of refraction above the ground, and RE is the radius of the Earth.

For ray tracing in a 2-D ionosphere with an arbitrary electron density profile, Equation

3.9 is insufficient, as it is only applicable to spherically-stratified refractive indices. My

program calculates ray paths in two distinct steps. First, a ray is allowed to travel according

to Equation 3.9 for a set time step. At the end of this propagation, the electron density is

interpolated from the ionospheric profile, and is used to calculate the index of refraction

according to Equations 1.3 and 2.5. Then a new angle of travel is calculated according to

Equation 3.8 in a local orthogonal coordinate system, which allows the program to account

for a non-horizontal interface between two regions with different indices of refraction.

It is well known that under conditions of low density, such as during winter nighttime in

the polar cap, regular ionospheric density models show no possibility for SuperDARN radars

(especially high operating frequencies) to achieve orthogonality. Observationally, we routinely

detect echoes. This discrepancy comes from the fact that a smooth model of the ionosphere

will achieve less refraction along a path than a model allowing for small-scale variations in

plasma density.

An important but non-traditional feature of this program is the introduction of random

noise in both electron densities and interface angles. This is done to counteract the fact that

interpolation from modeled values cannot account for small-scale ionospheric inhomogeneities.

In calculations using densities and interface angles, values are interpolated from the

grid, and then modified by a small random amount (within user-defined limits). By default,

density values are multiplied by a random number which follows a normal distribution with

a mean of 1 and a standard deviation of 0.03. Interface angles are modified by adding a

random, normally distributed number with a mean of 0◦ and a standard deviation of 2◦.

This implementation allows some radio waves to experience much greater refraction than a

smooth-varying deterministic case, as can be seen in Fig. 3.1.

Figure 3.2a shows 10 MHz radio wave paths in the ionosphere for the conditions selected.
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Figure 3.1: Figure showing how random variations in index of refraction (η) will cause a
radio wave in the ionosphere to experience greater refraction (red and blue trajectories) than
in the smoothly varying case (black trajectory).

Range gates (red and white markers) are computed according to the travel time of a ray,

rather than by absolute distance. This allows the program to better match real SuperDARN

operation. This is a standard feature of HF ray tracings (e.g., Gillies et al., 2018). The yellow

dots in Fig. 3.2a are ionospheric locations where the angle between the radio path and the

Earth’s magnetic field is within ±0.1◦ of orthogonality. The Altitude-Adjusted Corrected

Geomagnetic Field by Shepherd (2014) was used to calculate the Earth’s magnetic field at

every step of propagation.

Two major regions where the orthogonality condition is satisfied are seen in Fig. 3.2a.

One cloud of points is centered around 100 km altitude and geographic latitudes (GLAT) and

longitudes (GLON) of 68◦ and -93◦ respectively. These points form an elongated sideways

“V” pattern. The majority of these points are below 120 km, in the dynamo region where

strong electrojet irregularities often exist, especially for strong E fields of above ∼20 mV/m

(Kelley, 1989) and coherent echo detection is possible. The second cloud of points is located

at F region heights. Decameter-scale irregularities can be excited here by the gradient drift

instability (Section 1.5). Figure 3.2a also shows that some rays are bent toward the ground

and reach it at GLAT ∼74◦. Ground scatter echoes can be expected from these ranges. As

previously mentioned, these radio waves can continue forward and result in ionospheric echoes

from over-the-horizon ranges via the 11
2
-hop propagation mode.

Figure 3.2b shows the initial elevation angles of rays compared to the location at which
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Figure 3.2: (a) Ray tracing for 10 MHz radio waves transmitted from RKN radar along its
beam 5. The 2-D electron density distribution is given by E-CHAIM (Themens et al., 2017)
for 19 UT on 6 March 2016. White and red markers correspond to group range gates 0, 10,
20, and 5, 15, 25, respectively. Yellow markers are locations where radio waves are within
0.1◦ of orthogonality with the Earth’s magnetic field lines (light blue lines). The sloped
pink line represents those locations where the ISR at Resolute Bay measured the plasma
electron density. (b) Expected height and elevation angles for rays that met the orthogonality
condition (c) Expected power (in arbitrary units) of 10 MHz echoes from various heights
(between 50 and 300 km) as a function of RKN range gate. The green, blue, and red lines
are for E region (below 120 km), F region (above 120 km), and ground scatter, respectively.
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those rays reach the orthogonality condition. The horizontal axis is given in range gates of the

RKN radar. For both the E and F regions, a the elevation angles of radio paths are expected

to decrease slightly over range gates. The model shows agreement with this expectation. This

feature is often, but not always, seen in SuperDARN data. An interesting situation arises

at the top of the F region cluster. Here the angles are often steady at heights above the F

region peak, not changing much with range gate. This feature is not well seen in this specific

case, but is often present for other electron density profiles (Ponomarenko et al., 2011). Such

a feature is fundamentally important for the electron density estimates from SuperDARN

elevation angle measurements (Ponomarenko et al., 2011) as discussed in Section 2.1.3 and in

later in Chapter 3.

To predict the signal power for coherent echoes (relative power values at various ranges),

a simple model can be used following Ponomarenko et al. (2010) and Uspensky et al. (1994,

2001). One critical factor affecting the coherent echo amplitude is average electron density in

the scattering volume (Uspensky et al., 1994, 2001). It is often assumed that the intensity

of ionospheric irregularities is the same at various heights. Although this is not likely, we

expect this assumption to be within a factor of 2-3, allowing general features of echo power

distribution to be captured properly by looking at only the electron density. For this program,

ionospheric echo power is calculated as n2/r3, where r is the distance between the radar and

the scattering point. Power in a given range gate is found by summation of the power of

individual echoes from various heights.

In Figure 3.2c, the green line represents the relative echo power over range for purely E

region (electrojet) echoes, those coming from ionospheric heights below 120 km. Similarly,

the blue line represents the expected range distribution of echo power for echoes in the F

region (above 120 km). Overlap between the green and blue lines corresponds to those range

gates where the echoes can be received simultaneously from electrojet heights and from F

region heights. The red line in Fig. 3.2c shows the expected range profile of the GS echo

power. Since there is no ionospheric electron density at the ground, the echo power was

computed from the number of rays reaching the ground within each range gate. At range gate

∼25, the ionospheric echoes from the F region can be mixed with GS. It is important to note

that within any range gate, standard SuperDARN software can report ionospheric scatter or

ground scatter, but not both. This constitutes a challenge in assessing echo occurrence rates,

one of the goals of work in this thesis.

The above ray tracing analysis shows that F region echoes can generally be expected from

range gates between 10 and 30. These limits are accepted for the analysis in this thesis. Note

that the band of F region echoes shifts to smaller range gates for a higher density ionosphere,

and to farther range gates when the ionospheric electron density is lower. The shift can be
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by several gates (Danskin, 2003).

Finally, we note that although its use is limited in this thesis, the developed ray tracing

code allows analysis of HF propagation paths for arbitrary ionospheric conditions, so we

expect to make more extensive use of it in future work.

3.2.2 Results of raytracing

The developed raytracing program gives us a general understanding of how ionospheric echoes

are formed as SuperDARN radars probe the ionosphere. We have also identified several

opportunities where it can be applied to studies of the Earth’s ionosphere.

One interesting result of the model is that it shows how HF echoes could occur

simultaneously from both E and F region heights range gates ∼7 in Fig. 3.2). This has an

important implication for the SuperDARN convection mapping because SuperDARN can

only report one velocity in any given range gate. Since the velocity of E region echoes can be

well below the E×B plasma drift component (e.g., Gillies et al., 2018), this contamination

could significantly reduce the quality of convection maps. Identification of regions in which

SuperDARN can detect echoes from both E and F region heights is an important task in

improving the quality of convection mapping.

Another possible application of the program is to test the quality of statistical models

of the electron density distribution in the ionosphere. This can be done by comparing the

actual locations of SuperDARN echoes to those predicted by raytracing through a simulated

electron density profile. Since it is not tied to any particular ionospheric model, and instead

works from any arbitrarily specified electron density profile, any existing ionospheric model

can be adopted; the E-CHAIM model by Themens et al. (2017) was selected for use in this

thesis because it was developed specifically for the high-latitude ionosphere.

Figure 3.3 compares RKN observations of ionospheric scatter against model predictions.

This figure considers a full 24 hours of RKN observations on 6 March 2016. Measurements of

the echo power were averaged over 5 min intervals in beams 6-9 to increase the data coverage

and quality. Since the raytracing and E-CHIAIM models are both statistical in nature, we

expect that they should align more closely with average data than individual events.

The model predictions and observations show similar trends in the HF echo band location.

In the early morning hours (02-04 LT), the echoes are located in range gates 30-40. RKN

data also shows close range echoes (in range gates 0-10), which are mostly scatter from the

E region and from meteor ionization trails. Towards local noon (10-13 LT), the F region

echo band moves closer to the radar, with echoes occurring mostly in range gates 5-10. The

raytracing model shows a very faint secondary band of echoes around range gate 40, which is
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Figure 3.3: (a) RKN echo power at 12 MHz, averaged over beams 6-9, versus local time
(LT) for RKN observations on 6 March 2016. Data were also averaged over 5-min intervals.
The discontinuity at 18 LT is because the data are indexed by UT and simply shifted into
LT for plotting. (b) Model predicted echo power distribution with the range for the event
considered. Note that the differences in absolute magnitude between the panels is caused
by the fact that SuperDARN measurements are of actual signal-to-noise ratio, whereas the
model has no noise, meaning that the scale is arbitrary.

ground scatter. In the afternoon, the echo band shifts to larger range gates, and eventually

returns to typical nighttime locations in gates 30-40.

Additionally, the RKN data between 13 and 16 LT show a relatively high rate of echo

occurrence in larger range gates. These are very likely signatures of the polar cap patches

penetrating deep into the polar cap (Chisham et al., 2007). The model does not predict

the occurrence of these patches because the E-CHAIM model can not predict the specific

occurrence of sporadic events.

Although there is a general agreement between the predictions and the observations in Fig.

3.3, some details (especially E region echoes) are missing. It is possible to achieve a better

agreement by modifying the E-CHAIM electron density distribution. One of the potential

venues is to consider trends in the average band location and investigate diurnal and seasonal

variations. This work is left for future.
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3.3 SuperDARN as an instrument for peak electron

density estimates

3.3.1 Introductory remarks

In this thesis, while studying the reasons for the Super Dual Auroral Radar Network

(SuperDARN) echo occurrence in the polar cap (Chapter 4), electron density estimates

from the SuperDARN radars themselves are used. This is because concurrent data from

supporting instruments (measuring electron density distribution in the ionosphere) within

the radars field of view are generally not available with the exception of very limited periods

when concurrent ionosonde and incoherent scatter radar data are available.

Measurements of the electron density in the ionosphere with the SuperDARN radars

became available starting from pioneering work by André et al. (1998) and Ponomarenko et al.

(2011) who considered ground scatter and ionospheric scatter, respectively. Both studies

attempted to assess the quality of the estimates but those were based on very limited dataset

(André et al., 1998) or were indirect (Ponomarenko et al., 2011).

In this section I present preliminary results of a more comprehensive validation-type work

for the SuperDARN radar at Rankin Inlet (RKN). Some data presented in this chapter were

included in a published paper:

A. V. Koustov, S. Ullrich, P. V. Ponomarenko, R. G. Gillies, D. R. Themens, and

N. Nishitani. Comparison of SuperDARN peak electron density estimates based on

elevation angle measurements to ionosonde and incoherent scatter radar measurements.

Earth, Planets and Space, 72:43, 2020. doi: 10.1186/s40623-020-01170-w. URL https:

//doi.org/10.1186/s40623-020-01170-w by Springer Open.

My contributions to that study are as follows:

1. Development of the software for combining RKN electron density (produced by Drs.

Ponomarenko and Nishitani) with electron density data from incoherent scatter radar

RISR-C measurements (raw data were processed by Dr. R. Gillies and fitted data were

obtained by Mr. D. Lavoie) and with ionosonde measurements (raw ionogram data

were scaled and provided by D. Themens).

2. Full statistical analyses of the data under supervision of Dr. Koustov.

3. Production of all figures except Figure 2.

4. Participation in writing of the manuscript and work with the reviewers’ comments.
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The major results of this study are presented at the end of this chapter. Additional

discussion of various aspects of this study are presented in Chapter 6.

3.3.2 Objectives and methodology

Despite of being critical information for high-latitude studies, peak electron density

measurements from SuperDARN have rarely been used. To obtain NmF2 with SuperDARN,

elevation angles of echo arrival need to be available either for ionospheric scatter or ground

scatter. Although most of the radars have elevation data, application of the method requires

thorough calibration, which is seldom done. Another reason for hesitancy in using SuperDARN-

based electron densities is that validation work has been very limited.

Work with SuperDARN elevation data is demanding (e.g., Ponomarenko et al., 2015,

2018). To get electron density estimates, a radar must detect Pedersen rays, corresponding to

echoes with about the same elevation angle in multiple sequential range gates. The algorithm

by Ponomarenko et al. (2011) requires an effective echo region extending at least ∼200 km.

With this large of an area, it is very difficult to compare SuperDARN density estimates to

any local measurements (such as by sounding rockets) because there is always the concern of

spatial inhomogeneities in the electron density distribution. For a robust validation study,

one needs an independent instrument measuring the electron density distribution over a

broad section of the ionosphere within a radars field of view.

The SuperDARN radar at Rankin Inlet (RKN) is one of a few radars that has reliable

elevation angle data for many years of operation (Chisham, 2018; Ponomarenko et al., 2011).

Continuous operation of the Canadian Advanced Digital Ionosonde (CADI) at Resolute

Bay (Jayachandran et al., 2009) over multiple years, as well as the recent deployment of

the Resolute Incoherent Scatter Radar (RISR-C) at the same location provide excellent

opportunities for validating the electron density estimates from RKN observations near the

Resolute Bay zenith.

The results presented in this thesis significantly expand the initial work by Ponomarenko

et al. (2011) by performing point-by-point comparisons with both CADI and RISR-C. A

more extensive analysis has been reported in Koustov et al. (2020).

3.3.3 Geometry of SuperDARN, CADI, and RISR-C observations

near Resolute Bay

The field of view (FoV) of the RKN SuperDARN radar is shown in Figure 3.4. This diagram

also highlights the specific beams from which data were used. Beam 5 of RKN radar crosses the

Resolute Bay (RB) zenith. We initially analyzed the standard FITACF output (Ponomarenko
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et al., 2007) data only from RKN beam 5. Since the method of electron density determination

from SuperDARN radars already averages over a 200 km range, the inclusion of beams 4 and

6 allowed us to increase the overall amount of data without substantially broadening the area.

For this reason, all the results presented below (and published in Koustov et al., 2020) were

based on RKN data in beams 4-6. The RKN radar was mostly operated with 45 km range

resolution and 1-minute scans. The radar operating frequency typically alternates between

∼10 MHz and ∼12 MHz between successive scans.

RISR-C has multiple modes of operation with different beam configurations. For the

present work, we considered only beam 3 from the “world-day mode”, which is also shown

in Figure 3.4. This beam was chosen because it lies almost exactly along RKN beam 5

providing the opportunity to compare the RKN and RISR-C data in the most direct manner

possible. Even thought the instruments are oriented directly at each other, the spatial overlap

between the regions of RKN and RISR-C measurements is not ideal. As previously described,

RKN data were obtained across a band of ranges, gates 15-40 (dotted lines in Fig. 3.4).

Additionally, both instruments send radio waves from the ground and receive echoes from

higher altitudes at larger distances, so that the area of observation form an ’x’ shape with a

relatively small region of intersection. Since we did not know the propagation path of RKN

radio waves, determining the exact location of intersection was not possible.

The electron density profiles from RISR-C measurements were often not very smooth. To

balance accuracy against quantity, data with a time resolution of 5 minutes were considered.

The work of turning raw profiles into specific NmF2 values was carried out by Donovan

Lavoie. Each of the raw data profiles from RISR-C was analyzed individually according to a

multi-parameter fitting method. A fit to a Chapman-like function was applied to the density

profile points in the vicinity of the maximum, usually in the range of 200-350 km. From this

fitted curve, the scale height, the peak density, and its height were inferred. We note that the

fitting provided values that were typically only slightly smaller than the absolute maximum

density in the profiles.

CADI, located at Resolute Bay and oriented straight up, has been generating ionograms

(such as shown in Fig 2.7) for many years. CADI observations are usually done with time

resolution of 1 to 5 min, but because of the desire for long-term coverage, ionograms were

only scaled for every 30 min. For a limited number of days, 5-minute data were obtained.

The manual scaling of ionograms was performed by D. Themens.
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Figure 3.4: (a) Field of view (large white sector) of the SuperDARN radar at Rankin Inlet
(RKN) for observations and pierce points (at the height of 300 km) of the Resolute Bay
(RB) incoherent radar RISR-C in the world-day experiments (colored circles). The darker
narrow sector is the orientation of RKN beam 5, data from which were considered. RISR-C
radar beam 3 is oriented roughly along RKN beam 5. The solid red arcs are lines of the
geomagnetic latitude of 70◦and 80◦. RKN data between gates 15 and 30 were used for peak
electron density derivation. (Figure courtesy of A. V. Koustov)

3.3.4 Joint SuperDARN, CADI and RISR-C data for several cases

Figure 3.5 is an example of joint 24-hour measurements of the peak electron density (in the

F region), NmF2 with all three instruments over several days in March 2016.

The RKN data in Figure 3.5 are given for every measurement available, but the data have

two different colors. While analyzing the electron density estimates, we realized that some

points were well above the generally expected electron density for the time of the day. These

were presumably associated with measurements where the antennae cross-phase deviation

from its maximum possible value Φadj (Section 2.2, of Ponomarenko et al., 2018) was large.
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Figure 3.5: The F region peak electron density NmF2 according to Rankin Inlet (RKN) HF
radar elevation measurements (blue squares), CADI (green open circles) ionograms, and
RISR-C fitted values (red diamonds) for several days of observations in March 2016. The
RKN points in pink are for cases with Φadj > 250◦(see Section 2.2 for the explanation).

For this reason, such measurements have been discarded in the point-by-point comparison.

The threshold for data removal was set at the level of Φadj > 250◦. Such points are shown as

pink colored squares in Fig. 3.5.

According to Fig. 3.5, NmF2 varies significantly over the day, and the NmF2 values from

all three instruments vary more or less consistently. The densities are generally larger at

near noon hours, for example ∼14 LT on 3 March 2016. The densities also tend to be lower
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in the dawn (∼6 LT) and dusk (∼18 LT). Reduced overall densities in the dawn sector are

generally expected (Fig. 2 of Themens et al., 2017). A density enhancement can also be seen

shortly after midnight on 5 March 2016. Night/morning data gaps are seen in the CADI and

RKN data, while RISR-C shows very low densities during these periods. These gaps in HF

radar and CADI ionosonde data (such as ∼ 5LT on 3 March) indicate that these instruments

cannot reliably measure electron densities below NmF2∼1×1011 m−3. This weakness for the

instruments is known from previous publications (e.g., Rawer (2013) for ionosondes and

Ponomarenko et al. (2011) for HF radars).

During the morning hours of 4 March and 5 March, the RKN densities are somewhat

smaller than those measured by CADI and RISR-C. However, in the afternoon on 4 March,

the NmF2 values are larger than those measured by RISR-C. Although RKN-based NmF2

can be somewhat larger or smaller than that measured by CADI or RISR-C, the agreement

is generally reasonable.

Figure 3.5 indicates that the high-phase (pink) RKN points occur frequently when RISR-C

measures very high or low electron density in the ionosphere. This is expected, since these

points correspond to very high and low RKN elevation angles.

3.4 Point-by-point comparison of NmF2 inferred from

RKN, CADI and RISR-C measurements

Figure 3.6 shows scatter plots of the RKN-based NmF2 estimate versus CADI-based NmF2.

Data is compared when both instruments had measurements within 1 minute. Here the RKN

data at all operating frequencies were considered.

The scatter plots in Fig. 3.6 show that the data are fairly consistent for daytime and

that RKN-based NmF2 values are smaller than those measured by CADI at nighttime. This

underestimation can be seen in other time sectors (as shown in Koustov et al., 2020) but is

not as strong.

We assessed the data in Fig. 3.6 by making a linear fit. We were seeking the dependence

in the form NmF2(RKN) = a ·NmF2(CADI)+b. The coefficients of the fits along with the

correlation coefficients of the scatter plots and the total number of points involved in each

plot is given in Table 3.1.

RKN and RISR-C plots of joint density measurements, similar to that of Fig. 3.6, were

produced for about 60 events in 2016 for which RISR-C was operating in its world-day mode

for at least 2 hours. Koustov et al. (2020) shows data for all modes of RISR operation. Since

RISR-C data were only available for 60 days rather than many years, the number of joint
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Figure 3.6: Scatter plots of approximately simultaneous Rankin Inlet NmF2 estimates versus
CADI-based NmF2 in two local time sectors: (a) daytime (12±3 LT) and (b) nighttime
(0±3 LT). Radar data from 2008-2017 at all operating frequencies (typically 10 or 12 MHz)
were considered. The color bar on the right shows the total number of points n in each pixel.

Table 3.1: Coefficients of a linear fit NmF2(RKN) = a ·NmF2(CADI)+ b to the scatter
plots of RKN electron density versus CADI (Fig. 3.6)

a b Correlation coefficient Number of points
Day 0.90 0.32 0.59 4048
Night 0.52 0.48 0.39 2764

measurements is not as large as the RKN-CADI comparison of Fig. 3.6, especially after the

data were split onto time sectors; however, the statistics are sufficiently large to make a

judgment.

Scatter plots of Fig. 3.7 show a general agreement between the instruments although the

degree of agreement varies. The data for daytime (Fig. 3.7a) are spread significantly, with

an almost circular shape. They are, however, centered near the bisector of perfect agreement

with a slight shift to higher RKN values. One obvious feature of the nighttime data in Fig.

3.7b is that RKN densities tend to be significantly smaller, as evidenced by the cloud of

points located below the bisector of perfect agreement at NmF2 ≥ 2×1011 m−3.

The second feature that stands out in Fig. 3.7 is the occurrence of points located well

above the bisector of perfect agreement whenever the RISR-C densities are low, below NmF2

∼1.5×1011 m−3 (Figs. 3.7a,b). These are more obvious in the night sector. The RKN data
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Figure 3.7: Scatter plots of the F region peak electron density NmF2 inferred from Rankin
Inlet (RKN) radar measurements (beams 4-6) versus NmF2 inferred from 5-minute RISR-C
measurements. For RKN, data at all operating frequencies (typically 10 or 12 MHz) were
considered. The local time sectors are the same as for those for Fig. 3.6.

presented here include only measurements with the cross-phase deviation from its maximum

possible value Φadj (Ponomarenko et al., 2018) being below 250◦. This means that simply

removing all high-phase points is not sufficient to remove erroneous RKN measurements

with the currently implemented density estimation algorithm. It may seem odd that similar

anomalous RKN points are not seen in Figs. 3.6a,b. Our analysis showed that while such

points are present in the RKN-CADI dataset, their number is small compared to the large

total body of measurements. Another important factor here is that both ionosondes and HF

radars are unable to detect echo signals at low electron densities, contrary to ISRs.

To assess the data of Fig. 3.7, linear fitting has been done for the joint RKN-RISR data,

similar to that of the RKN-CADI data of Fig. 3.6. We were again seeking a dependence

in the form NmF2(RKN) = a ·NmF2(RISR)+ b. The fit lines slopes were found to be

strongly affected by the erroneous RKN estimates at low ionospheric densities (as measured

by RISR-C) below ∼1×1011 m−3. This caused the linear coefficient to take on a negative

value. On our second attempt, we excluded all the points with RISR-C densities below 1×1011

m−3. The coefficients of these second-attempt fit lines are given in Table 3.2 along with the

correlation coefficients of the scatter plots and the total number of points involved in each
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plot. The slopes of the lines are close to (slightly below) 1 for daytime observations, indicating

a general tendency for the RKN densities to underestimate the peak density in the ionosphere,

equatorward of the RB location. We note that the correlation coefficients are very low for

the nighttime observations, such that the fit lines here do not have practical significance and

implying that improvement of the SuperDARN-based electron density estimates is needed for

the cases of low real densities at the F region peak.

Table 3.2: Coefficients of a linear fit NmF2(RKN) = a ·NmF2(RISR)+ b to the scatter
plots of RKN electron density versus RISR world-day experiments in 2016 (Fig. 3.7)

a b Correlation coefficient Number of points
Day 0.82 0.73 0.44 564
Night 0.42 0.97 0.23 366

3.5 Discussion

An important general conclusion from the comparisons of the RKN-based electron densities

NmF2 and those measured by the CADI ionosonde and RISR-C ISR is that the RKN estimates

are reasonable most of the time. The fit lines (Tables 3.1, 3.2), statistically characterizing

the RKN-CADI and RKN-RISR data sets allow for slight adjustment of individual RKN

measurements to closer match the other instruments. Relevant equations are presented in

Koustov et al. (2020). The results imply that SuperDARN density estimates could justifiably

be used in statistical studies, such as those focused on diurnal, seasonal and solar cycle effects.

Direct application of SuperDARN-based density measurements for individual events is less

certain, as local anomalies might occur, and they have to be investigated on a case-by-case

basis.

One interesting trend we observed is the generally lower densities estimated by RKN

during nighttime. Several effects very likely contribute to this. The first one is the fact

that the RKN density derivation procedure considers elevation angles for the Pedersen rays

propagating at the top of the F layer, i.e., slightly above the height of the electron density

peak. Thus, the real maximum densities at the F layer peak are slightly larger than the

reported ones. The second potentially contributing factor is an assumption of the fixed height

of the scatter at 250 km (Equation 2 of Ponomarenko et al., 2011). Since the nighttime

heights of the F layer can be as high as 400 km, the real values of the peak electron density

can be larger than those inferred from the assumed 250-km height by a factor of up to ∼1.15

(Ponomarenko et al., 2011). The impact of the fixed height assumption for the daytime

electron density estimates is less important since the real heights of the daytime scatter are
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much closer to 250 km.

We think that the lower RKN densities are also due to the averaging effect in HF radar

measurements. While CADI and RISR are detecting the maximum signals from localized

regions with the strongest density, the elevation angles in RKN measurements are averaged

over at least five radar gates (225 km) so that any localized density enhancement is smoothed

out. The smoothing effect is expected to be stronger for ionospheric conditions with higher

patchiness and poorer propagation conditions. Out of all time sectors, this is very likely

to occur at winter nighttime because here the ionosphere is depleted, highly patched, and

generally lifted up so that satisfying the aspect angle conditions is more difficult. It is

unsurprising that the RKN under-estimation effect is stronger at nighttime.

Another interesting minor trend is the RKN density overestimation during daytime. This

can be explained by the fact that under enhanced electron density, the echo bands shift to

lower latitudes, which means that the RKN density estimates correspond to regions closer to

RKN rather than over the Resolute Bay location of CADI and (to a lesser extent) RISR-C.

This decrease of the electron density with increasing latitude near the auroral oval is expected

during daytime, but not nighttime (Themens et al., 2017).

The data we looked at show occasional dramatic RKN density over-estimation at low

real ionospheric densities (according to RISR-C); these measurements were classified as

“anomalous points”. We indicated that this happens due to the 2π wrapping of the phase

angle in interferometric measurements. Although the number of these points is not usually

significant, as we learned from the RKN data set analysis, the identification of such points is

not easy. We simply removed from consideration all the measurements with the antennae

cross-phase deviation from its maximum possible value Φadj >250◦. We are planning to

address the issue in future.

To give more insight into the significance of this effect on RKN measurements, Fig. 3.8

shows RKN-based NmF2 data for the entire month of February 2016, as a representative

month. Here we also show the NmF2 trends according to the CADI ionosonde at RB. We

note that the radar and ionosonde data are taken as two independent data sets so that

some inconsistencies in the trends are due to non-coincidence of measurements in time.

Nevertheless, the CADI data are a good estimate of the monthly-average density NmF2.

Figure 3.8 shows RKN NmF2 densities for all RKN measurements but those with the

angle Φadj >250◦ are colored in pink. Clearly, the number of pink points is insignificant. In

this month, they make up only about 6% of all data. The solid pink and blue curves in Fig.

3.8 show the trends in the data: the pink line is for all the data considered and the blue line

is for the points with the angle Φadj <250◦.

Although high-phase points can occur at any time, the dawn sector is most strongly
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Figure 3.8: (a)Scatter plots of the F region peak electron density inferred from RKN radar
measurements (beams 4-6) as a function of local time (LT) for February 2016, small dots.
Pink colored dots are for measurements with the antennae cross-phase deviation from its
maximum possible value Φadj (Ponomarenko et al., 2018) being above 250◦while black dots
are for measurements with Φadj <250◦. The pink and blue solid lines represent the data
trends smoothed over ±0.5 hour for all the RKN data and to RKN data with Φadj <250◦,
respectively. The green line is the NmF2 trend inferred from CADI measurements over
Resolute Bay. (b) The number of high- and low-phase (< 250◦) RKN measurements available
vs time, as well as what percentage of the total is made of the high-phase points.

affected. This is because the total number of density measurements in this sector is much

smaller, so that the high-phase points make up almost 30% of the measurements. The pink

line here is well above the blue line and even more so above the green line of the CADI

measurements. Clearly, the occurrence of data with Φadj >250◦leads to an artificial increase
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in the density. At near noon hours, the difference between the blue and pink lines is small.

We comment that for many months of observations (data not presented here) the pink

line deviates from blue line more strongly at near noon summer hours. In this time sector,

we expect that the pink points represent the real electron density in the ionosphere. This is

because the blue line discards any density derived from elevation angles close to the phase

ambiguity. This implies that simply discarding data with Φadj >250◦, as was done in this

study, can create a bias in the density measurements during periods of high real density.

Conclusions of more comprehensive comparisons of RKN data with CADI and RISR-C

observations presented in the paper by Koustov et al. (2020) with my major contributions

are given as follows:

1. The RKN radar estimates of the electron density at the F region peak in the RB

area are reasonably consistent with measurements by both CADI, which measures the

electron density in the zenith of RB, and RISR-C, which measures electron density in a

much broader area mostly southward of RB.

2. The RKN peak electron density estimates are in better agreement with CADI and RISR

for daytime and for electron densities in the range of NmF2∼(1−3)×1011 m−3 at dusk.

During the daytime RKN exhibits a very minor overestimation tendency. For other

time sectors, there is a tendency for the RKN electron density to be underestimated.

3. The RKN peak electron density estimates for nighttime and dawn conditions when the

electron densities are below NmF2∼(1−3)×1011 m−3 can often be erroneous due to 2π

shifts of the phase in interferometric measurements. In the present study, to diminish

the role of this effect, some potentially affected RKN data were discarded.

3.6 Summary

In this chapter, after reviewing the major factors affecting the power of coherent echoes, we

introduced a model of HF signal formation based on ray tracing in the ionosphere specified

by the E-CHAIM model. We then considered two novel applications of SuperDARN. One is

to use model-predicted HF echo band location versus observations so that statistical models

of the electron density distribution in the ionosphere can be adjusted to provide a better

agreement with observations. We then present validation-type work on SuperDARN-based

electron densities. The RKN radar estimates were compared with CADI (ionosonde) data and

RISR-C (incoherent scatter radar) data. Both comparisons indicated reasonable agreement

between the instruments for daytime conditions with noticeable SuperDARN underestimations

during nighttime.

50



Chapter 4

Occurrence of F region echoes for the

polar cap SuperDARN radars and their

causes

4.1 Introductory remarks

This chapter investigates the occurrence rates of F region echoes for the polar cap SuperDARN

radars. It expands upon previous work by Ghezelbash et al. (2014b); Lamarche and Makarevich

(2015), and is mainly focused on the potential role of the electron density and electric field in

the ionosphere. Electron density at the F region peak were taken from the RKN and Dome

C East (DCE) radar measurements according to the technique by Ponomarenko et al. (2011).

Validation work for these measurements was presented in Chapter 3. The potential effect of

the ionospheric electric field was considered indirectly, by comparing echo occurrence rates

against the solar wind electric field, which is expected to drive ionospheric electric fields.

In this section, I present some additional results of a comprehensive study (to which I

was a major contributor) that was published as a paper:

A. V. Koustov, S. Ullrich, P. V. Ponomarenko, N. Nishitani, F. M. Marcucci, and W. A.

Bristow. Occurrence of F region echoes for the polar cap SuperDARN radars. Earth, Planets

and Space, 71:112, 2019. doi: 10.1186/s40623-019-1092-9. URL https://doi.org/10.1186/

s40623-019-1092-9

My contributions to that study are as follows:

1. Development of the software for computing echo occurrence rates for multi-mode

SuperDARN operations (raw data in the Southern hemisphere were provided by Drs.

Bristow and Marcucci) and combining them with the electron density data (produced

by Drs. Ponomarenko and Nishitani).

2. Full statistical analyses of the data under supervision of Dr. Koustov.
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3. Production of all figures except Figure 1.

4. Participation in writing of the manuscript and work with the reviewers’ comments.

The major results of this study are presented at the end of this chapter, with some

additional discussion in Chapter 5.

4.2 Introduction and the goals of the study

As explained in Chapter 1, various processes in the Earth’s ionosphere are driven by forces

from the Sun-Earth system. Solar radiation influences the rate of atmospheric ionization,

and thus the electron density in the ionosphere, while the electric field provides energy

to drive plasma instabilities, resulting in the creation of small-scale irregularities in the

ionosphere which are detectable by SuperDARN radars. Solar cycle/annual variations of

various parameters of the Earth’s ionosphere are well documented (Danilov and Konstantinova,

2013; Kutiev et al., 2013; Richards, 2001, and references therein). The exact reasons behind

these long term trends are the subject of ongoing work. Although the connection between

the occurrence and detection of ionospheric decameter irregularities and the changing solar

flux that reaches the Earth is difficult to understand, thorough investigation might shed light

on various aspects of the Sun-Earth relationship in the future.

Past studies have shown that the SuperDARN F region echo occurrence rates vary

significantly from one radar to another, and they depend on the time of day, season, and

phase of the solar cycle (e.g., Bristow et al., 2011; Danskin et al., 2002; Ghezelbash et al.,

2014a; Koustov et al., 2004; Lamarche and Makarevich, 2015; Milan et al., 1997; Prikryl

et al., 2010; Ruohoniemi and Greenwald, 1997). The reasons for these variations are not well

understood, but knowledge of them is important for operation of HF communication, remote

sensing, and surveillance systems.

A number of SuperDARN studies focused on the role of two factors affecting the occurrence

of F region echoes: enhanced electron density and electric field (Danskin et al., 2002;

Ghezelbash et al., 2014b; Koustov et al., 2014, 2018; Lamarche and Makarevich, 2015;

Milan et al., 1997, 1999). It was confirmed that the electron density is a crucial factor for

echo detection while, unexpectedly, the strength of the electric field seems less important

(Ghezelbash et al., 2014b; Koustov et al., 2014). One weakness of previous work in this

direction was a lack of data due to limited joint observations by SuperDARN and supplemental

instruments measuring ionospheric plasma parameters.

To better understand SuperDARN echo occurrence in the F region, we assess general

trends in echo occurrence rate and compare those with variations of ionospheric parameters
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that are expected to control the onset of echoes (Ghezelbash et al., 2014b; Kane et al.,

2012; Koustov et al., 2004; Lamarche and Makarevich, 2015). Recent studies by Ghezelbash

et al. (2014b); Lamarche and Makarevich (2015) investigated such trends for the polar cap

SuperDARN radars in the Northern (NH) and Southern (SH) Hemispheres. The polar cap

radars are of particular importance because over the last decade of relatively low solar activity

they have been a major source of data for the construction of global-scale convection maps.

Importantly, more than 10 years of data are available in the NH and more than 5 years in

the SH, so that the effect of the solar cycle can be investigated. Some limited information on

the occurrence of SuperDARN echoes in the polar cap has been also given by Bristow et al.

(2011); Koustov et al. (2014); Ponomarenko et al. (2010); Prikryl et al. (2010).

This chapter focuses on two aspects:

Potential relationship of the polar cap SuperDARN F region echo occurrence rate and solar

wind drivers of the plasma convection (E×B drift) in the polar cap.

Further investigation of the annual/solar cycle variations in the context of electron density as

a factor affecting the occurrence of SuperDARN polar cap echoes.

4.3 Occurrence of polar cap echoes and solar wind

drivers of plasma flow

One hypothesis for the effect of solar cycle variation on echo occurrence is the presence of

generally stronger ionospheric electric fields during years of high solar activity, owing to larger

Interplanetary Magnetic Field (IMF) magnitudes. Stronger electric fields in the ionosphere

would provide better conditions for the onset of the gradient drift instability and irregularity

creation. Analysis of SuperDARN data shows that polar cap echo velocities increase with

stronger IMFs (Koustov et al., 2015). To explore this theory further, we investigated the

relationship between echo occurrence and the solar wind electric field Esw, which is assumed

to be a driver of high-latitude plasma flow. Esw is given as

Esw =
−Vx ·Bt ·Bz

|Bz|
(4.1)

where Vx is the solar wind speed along the Sun-Earth line and Bt =
√
B2
z +B2

y is the transverse

component of the IMF.

Figure 4.1 presents scatter plots of the echo occurrence rate versus the solar wind electric

field Esw for near noon hours (LT = 12±3) over autumn of 2013-2017. This season corresponds

to August, September, and October in the Northern Hemisphere (NH) and February, March,
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and April in the Southern Hemisphere (SH).

Figure 4.1: Scatter plots (small dots) of echo occurrence rate for polar cap SuperDARN
radars at any operating frequency versus solar wind electric field Esw. These data are for the
Fall noon sector. The total number of points available is shown in the top left corner of each
panel. The colored diamonds are median values of occurrence rate in 1 mV/m bins of Esw.
Each of these values is given error bars corresponding to the standard deviation of Esw and
occurrence rates in that bin.
Data were obtained from OMNI database at https://omniweb.gsfc.nasa.gov/

The raw data in Fig. 4.1 has a significant spread, and no clear trend can be identified
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by eye. We binned the data for all plots with a 1 mV/m step in Esw. These binned values

of the occurrence rate are shown by colored diamonds. In most of the plots, the diamonds

show a fairly clear correlation between echo occurrence rates and the absolute value of Esw,

especially for negative values of Esw (corresponding to the case where IMF Bz < 0). One

exception is the plot for CLY radar which shows no trend for negative Esw (from 0 to -3

mV/m) and changes to a decrease in occurrence rates for positive Esw values. We note that

although this degree of inconsistency is unique in Fig. 4.1, it is seen for many radars in other

seasons and time sectors. There are two additional factors complicating the interpretation of

this data. One is that the vast majority of overall data (∼70%) has |Esw| < 1 mV/m. This

means that the outer bins hold very few data points, and thus very little statistical weight.

The other factor is that within any bin, occurrence rates are highly variable, as can be seen

from the ±1 standard deviation error bars. These factors make it very difficult to reliably

establish trends.

Lawal and Lester (2016) reported a similar dependence for the auroral zone radars on the

IMF Bz driver. Our analysis found that the increasing trends in the plots similar to those of

Fig. 4.1 were not always seen in other seasons. We think that this is because intensification

of external drivers is likely to affect the electron density in the ionosphere, and we have

confirmed in Chapter 3 and in Koustov et al. (2019) that this is an important factor for

SuperDARN echo detection.

The data of Fig. 4.1 show that an increase in the intensity of the solar wind electric

field Esw, proportional to the IMF transverse component, is not necessarily accompanied

by a significant increase in the occurrence of the polar cap SuperDARN echoes. This result

is consistent with Ghezelbash et al. (2014b) who reported no correlation of the polar cap

echo occurrence rate over Resolute Bay and ionospheric electric field, with the exception of

summer near noon hours.

4.4 Response of the polar cap radar echo occurrence

rate to solar activity annual variations

The approach adopted in this section is similar to that of Koustov et al. (2019), with a small

difference, in that we did not separate data by radar operating frequency. We focus here on

RKN observations in beams 4-6 at range gates 10-30. For simplicity, the data from 2008-2017

were summarized into seasonal averages for each of the 4 time sectors used in Chapter 3.

Each time sector had a width of 6 hours, and the sectors were night, dawn, noon, and dusk

were centered on local times of 0, 6, 12, and 18, respectively. The seasons (spring, summer,
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fall, and winter) were chosen to each have 91 days, and were centered on March 22, June 21,

September 20, and December 20, respectively.

We start with an assessment of daytime electron density changes over the solar cycle.

Figure 4.2a shows RKN-based measurements of F region electron density versus the solar flux

10.7-cm index during solar cycle 24. The data show that the peak electron density generally

correlates well with the F10.7-cm flux, increasing during with solar activity from 2008 to

the solar maximum in 2014 and decreasing after that. The winter data (blue) show this

trend most clearly. Solar cycle 24, like earlier cycles (Özgüç et al., 2008) showed two peaks

in solar activity, separated by a brief period of decreased activity in 2013. This is reflected

clearly in the low density seen in the winter of 2013. Interestingly, the electron density values

during the declining part of the solar cycle (dashed lines) are somewhat smaller than those

for the increasing phase, a pattern similar to a magnetic hysteresis loop. This difference is

well known for observations of electron density. The hysteresis effect observed here is weakest

in winter and strongest in summer. Opposite to what we see here, the hysteresis effect is

usually reported showing higher electron densities during the declining phase of the solar

cycle (e.g., Özgüç et al., 2008). (Gopal Rao and Sambasiva Rao, 1969) provides evidence that

the although the effect is positive at equatorial and mid-latitudes, it decreases and becomes

negative towards the auroral oval. Density trends are similar in other time sectors, with an

increase towards the solar cycle maximum, a stagnation or saturation between 2011-2015,

and a very sharp decline afterwards. This pattern was not seen in winter nighttime density,

however the density values in that sector are low enough that they may often fall outside of

what RKN can accurately measure.

Figure 4.2b shows how daytime RKN echo occurrence rates varied over the solar cycle.

Contrary to the strong response to solar activity (F10.7-cm flux) seen in electron density,

there is no obvious pattern in echo occurrence rate versus F10.7-cm flux. As the solar cycle

went from a relative low in 2013 to its maximum in 2014, we see a decrease in occurrence

rates for winter and spring. On the decaying phase of the solar cycle (between 2014 and

2017) the rates are decreasing for summer and winter observations while there is a minor

increase in spring. The data of Fig. 4.2b shows that as the solar activity increased and then

declined over the cycle, occurrence rates were often quite different for similar values of solar

flux, but there is no obvious tendency for a positive vs negative hysteresis effect. Toward the

end of the cycle (2017) the values become close to those seen at the beginning (2008). Echo

occurrence patterns for other time sectors are just as confusing as daytime, so no consistent

pattern can be inferred. This indicates that other factors tend to dominate the occurrence of

polar cap SuperDARN echoes.

One factor known to influence the occurrence of SuperDARN echoes is the solar irradiation,
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Figure 4.2: Annual averages, grouped by season, of RKN observations vs the F10.7 solar flux
index over solar cycle 24 (2008-17). RKN observations were collected from beams 4-6 and
range gates 10-30. Three seasons of daytime (12±3 LT) observations were considered. In the
interest of keeping the plots legible, fall is not included. (a) Peak electron density in the F
region as inferred from RKN elevation angle measurements. (b) RKN echo occurrence rate.
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which affects the development of ionospheric irregularities. Solar irradiation disintegrates

sharp edges of large-scale plasma blobs, diminishing the potential energy supply for the GD

instability, and thus suppressing the development of decameter-scale irregularities (Ruohoniemi

and Greenwald, 1997). The extent to which this smoothing of ionospheric plasma gradients

changes over the solar cycle is not known, to the best of the author knowledge. The intensity

of the solar radiation increases toward the solar cycle maximum (e.g., Huang et al., 2016).

One would then expect intensification of smoothing effect and a decrease in the number of

echoes, so that the solar cycle effect seen Fig. 4.2b can be related to this factor. What is less

clear is how consistent are the gradient smoothing effect increase and the decrease in the

occurrence of echoes. If the smoothing effect of solar irradiation is a prominent factor in echo

occurrence rates, then it should cause a substantial reduction around local noon of any given

day. Instead, RKN summer and winter data show a clear maximum in echo occurrence at

this time (Koustov et al., 2019). Summer noon maxima were also reported by Ghezelbash

et al. (2014b), who related it with enhanced electric fields improving the conditions for the

GD instability. During near noon wintertime a local dip in echo occurrence rates for the

RKN was reported by Ghezelbash et al. (2014b). This is exactly the time sector when the

Sun’s illumination appears within the RKN FoV, a week or so away from exact winter solstice

time. This effect was related to the Sun’s smoothing of ionospheric gradients.

Another factor affecting the development of the GD instability is the rate of plasma

electron-ion pair recombination. This rate enters the expression for the growth rate of the GD

instability directly as γ = E0/B0/L−βrec, where βrec is the recombination coefficient (rate)

of electrons and ions at the F2 region heights. This factor influences the wave energy losses

during the GD instability development. The recombination rates are proportional to 1/T 0.7
e

(Schunk and Nagy, 2000). Since electron temperatures at F2 region heights are anti-correlated

with the solar activity (Sharma et al., 2008), larger βrec are expected at the solar maximum.

This would make it more difficult to establish the GD instability, decreasing the rate at which

decameter-scale ionospheric irregularities are formed. If this effect is significant, we expect

lower echo occurrence rates at the solar cycle maximum, as can be seen in Fig. 4.2b. The

midlatitude Hokkaido radar (data are not presented here) and the auroral zone Saskatoon

radar (Ghezelbash, 2013) also show a decrease in ionospheric echoes at high solar activity,

and a similar explanation is applicable to these data as well. This recombination effect could

also explain the higher RKN occurrence rates during the start of the declining phase, because

of the rapid decrease of the F10.7 flux would lead to an increase of βrec). This explanation,

however, implies that for a solar cycle with a comparable temporal increase of F10.7 on the

growing and decaying phases, no hysteresis effect should be observed. Unfortunately, there

are no polar cap data to address the expectation.
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One other possible reason for the decrease of ionospheric echoes at high solar activity

is that the increased density (seen in Fig. 4.2a) causes more of the outgoing radio signals

from a radar to be quickly bent towards the ground. Since radars cannot record ground and

ionospheric scatter simultaneously, the increase in ground echoes would cause a decrease

in ionospheric echoes. As will be shown in Fig. 5.1, the daytime data from Hokkaido and

Saskatoon radars both have a strong increase in ground scatter towards the peak of the solar

cycle, giving credence to this explanation.

4.5 Comprehensive analysis of SuperDARN polar cap

radar echo occurrence rate variations and the role

of electric field and electron density

Here I present the results of a comprehensive study by Koustov et al. (2019), in which I was

a major contributor.

In this study, we investigated, for the first time, solar cycle trends in the F region echo

occurrence rate for the polar cap SuperDARN radars by considering 10 years of observations

in the Northern Hemisphere (for 3 radars) and 5 years of observations in the Southern

Hemisphere (for 3 radars). The rates are shown to increase toward the solar cycle 24

maximum and decline afterwards. The effect is 1) stronger at nighttime and 2) is comparable

(slightly stronger) to that observed by the Saskatoon radar selected to represent SuperDARN

observations in the auroral zone. For the declining phase of the solar cycle 24, the polar cap

radars in both hemispheres show a decrease in the echo occurrence rate by 5-10% per year

with a somewhat faster decline in the Southern Hemisphere. The long-term trends in the

overall echo occurrence rate and the F region electron density are similar. No correlation

was found with long-term changes of the E×B flow magnitude. The observations support

the notion that electron density is the major factor influencing overall SuperDARN echo

occurrence rates in the polar cap.

Seasonal variations of the echo occurrence rate were investigated on a longer data set than

previous studies and by considering concurrent observations in both hemispheres. It was

confirmed that the echo occurrence rates are highest in winter and equinoxes and persistently

smallest in summer of respective hemispheres. For the first time, minor differences in the

seasonal trends in the hemispheres were identified. While the NH data show mostly a

symmetric bell-shaped distribution with the maximum centered at winter solstices, the SH

data show asymmetric curves often with minor local dips at winter solstices so that local

seasonal maxima are shifted toward the equinoctial time. The overall decrease in polar cap
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SuperDARN echoes in summer is related to the solar radiation effects of increasing the D

region HF radio wave absorption, and deterioration in production of F region decameter

irregularities. Another reason is more frequent occurrence of sporadic E layers blocking F

region echo detection. The echo occurrence minor dips at winter solstices are related to

significant decrease of the F region electron density, especially at nighttime.

Diurnal variations of the echo occurrence rate were investigated on a longer data set and

by considering observations in both hemispheres. It was confirmed that the pattern of polar

cap enhanced echo occurrence rate on a season-LT plane is similar to that of the auroral

zone radars. It is of a diamond shape with enhanced rates at noon in winter and at midnight

in equinoxes. The pattern can be explained by a combination of several factors including

diurnal and seasonal variations on F region electron density and electric field and seasonal

changes of solar irradiation of the polar cap ionosphere. Another factor is the presence of the

solar terminator-related gray ionosphere within the radar observational area.

We identified minor differences in the shape of the diurnal variations of echo occurrence

in the hemispheres. These are as follows: 1) The SH data show dawn-dusk enhancements

in all seasons except of winter while these are not recognizable in the NH data. 2) The NH

data show near noon enhancement in summer while the maxima are shifted toward dawn

and dusk sectors for the SH data so that at noon there is rather a minor decrease in echo

occurrence. The NH echo occurrence enhancement correlates well with increased electron

density and, to a lesser extent, with enhancement of the plasma flow velocity magnitude.

Response of the polar cap F region echo occurrence rate to an increase in the F region

peak electron density (in both hemispheres) and E×B plasma flow magnitude (in the NH)

were investigated by considering a significantly larger data set of the electron density and

E×B flow. The data base was created by involving the elevation-angle measurements by

the RKN (NH) and DCE (SH) radars and crossed-beam velocity measurements by the RKN,

INV and CLY radars (NH). The dataset allowed us, for the first time, to investigate the

occurrence rate response for various seasons and times of the day while the data are binned

according to the electron density and E×B flow magnitude. No nighttime observations

were considered since the elevation angle measurements are sometimes compromised with

the currently implemented technique of the electron density estimates. We confirmed that

the polar cap echo occurrence rate response to the ionospheric electron density increase

is highly non-linear with a saturation effect at large densities. The winter, equinox, and

summer threshold values are approximately ∼2×1011 m−3, ∼3×1011 m−3, and ∼4×1011 m−3

respectively for the NH polar cap radars, consistent with previous SuperDARN studies where

F peak electron densities were available in spatially-limited ionospheric regions. A new and

peculiar we feature noticed is a decreasing trend of echo occurrence rate at largest observable
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electron densities. It was shown for the first time that for daytime and dusk observations

1) the saturation level of echo occurrence is larger for stronger E×B magnitudes 2) the

increasing part of the dependence is much steeper in winter and equinoxes. The latter finding

is consistent with the reported correlation in diurnal variations of echo occurrence rate and

electron density.

4.6 Summary

In this chapter, we investigated the relationship of the SuperDARN F region echo occurrence

rate and the solar wind electric field. The underlying idea here was that the solar wind

electric field ultimately determines the electric field magnitude in the ionosphere and thus

affects the irregularity production rates through gradient drift plasma instability. We showed

that although the RKN occurrence rates increase with driver intensity, the relationship is

rather weak and the trends are only identifiable after binning the data in steps of a driver

magnitude implemented.

Then seasonal and annual variations in occurrence of ionospheric echoes and ground

scatter were investigated for three radars, one in each of the polar cap, auroral zone, and at

middle latitudes. We looked for a connection to the solar activity by plotting the occurrence

rates against the F10.7 cm solar flux. There is a hysteresis effect well known for the peak

electron density in the ionosphere. We found that although summer occurrence rates show

an increase toward stronger solar activity, the data in other time sectors do not. This result

contrasts with shown clear response of the annually-averaged F region electron density (as

measured by the RKN radar) to the solar activity increase. The solar illumination of the

ionosphere is suspected to play a critical role in this discrepancy.

A more comprehensive study of echo occurrence rate for both the Northern and Southern

hemispheres is presented in the paper by Koustov et al. (2019), to which I was a major

contributor. First, the study assessed diurnal, seasonal, and solar cycle variations of F region

echo occurrence rate in both Northern and Southern Hemisphere radars. Second, data from

the NH and SH radars were used to investigate the response of the echo occurrence rate to

an increase in the peak electron density in the F region and data from NH radars was used

to investigate E×B flow magnitude.
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Chapter 5

Further insights into factors affecting

SuperDARN echo occurrence rates

The investigation into the echo occurrence rates for polar cap SuperDARN radars showed a

connection to electron density, as evidenced by the similarity in long-term trends that can be

seen in Figure 4 of Koustov et al. (2019). At the same time, electron density is certainly not

the only, or even the most significant factor. Figure 5 of Koustov et al. (2019) shows that on

a timescale of months rather than years, the correlation is inverted. Our analysis in Chapter

4 showed that annual variations in RKN echo occurrence do not show an obvious relation

to variations in the solar F10.7 flux. We concluded, consistent with previous studies (e.g.,

Lamarche and Makarevich, 2017), that the irregularity production factors are very important

to consider. One of the crucial effects on diurnal variation is that sunlight can smooth

out ionospheric plasma density gradients, greatly suppressing the formation of ionospheric

irregularities.

5.1 Comparing solar cycle effects in the polar cap,

auroral zone, and middle latitudes

In this section we attempt to look at a longer period of SuperDARN observations with three

radars: Rankin Inlet (RKN) in the polar cap, Saskatoon (SAS) in the auroral zone, and

Hokkaido (HOK) in the middle latitudes. To a limited extent, this is an attempt to investigate

how solar cycle effects in SuperDARN echo occurrence are seen at various latitudes. We

focus here on two time sectors, daytime (12±3 hours LT) and nighttime (24±3 hours LT).

We consider radar observations at all frequencies, which are usually between 8-14 MHz.

RKN sits at high latitude and looks north. During the summer, its field of view is entirely

sunlit, although the solar zenith angles does change over the course of a day. During the

equinoxes, the sun is always very near the horizon, giving a constant twilight condition.

Finally, RKN experiences complete darkness for the duration of the winter. SAS and HOK
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both have a normal day/night cycle, but with differing degrees of solar illumination depending

on the season.

An important limitation in computing SuperDARN echo occurrence is that in any gate,

an echo can be received from the ionosphere or the ground, but not both. In Figures 5 and 6

of Koustov et al. (2019) we see that although RKN ionospheric echoes make up the majority

of total occurrence, there is a small amount of ground scatter. For mid-latitude radars such

as HOK, ground scatter makes up the majority of all echoes (Nishitani et al., 2019).

The approach adopted for the analysis here is mostly similar to that of Chapter 4: we

consider radar observations in all beams and at range gates 10-30. The data are split across

4 time sectors and 4 seasons, as in Chapter 4. To summarize the huge volume of data, we

consider the average echo rates in a given time sector across a whole season.

Figure 5.1 shows variations of the solar flux index F10.7 cm (panels (a) and (b)) and IS

and GS echo occurrence rates for nighttime (left column) and daytime (right column) for the

RKN, SAS, and HOK radars, top rows to bottom, respectively.

The raw F10.7 cm flux data of Fig. 5.1a,b are the same as presented in Fig. 5a of

Koustov et al. (2019) but here is presented as seasonal averages rather than a continuously

smoothed line. The color of the squares represents seasons, with blue, green, red, and orange

corresponding to winter, spring, summer, and fall, respectively. The maxima of the solar

activity within solar cycle 24 were reached in the winters of 2012, 2014, and 2015.

5.1.1 Daytime

We first consider the daytime observations, right column of Fig. 5.1. RKN (Fig. 5.1d) shows

clear winter IS maxima (blue diamonds) and summer minima (red diamonds). An overall

decline in echo occurrence is visible toward the end of the solar cycle, consistent with the

afternoon decline in IS occurrence rates of Fig. 4c of Koustov et al. (2019). The enhancement

of IS occurrence at the solar cycle maximum is not very obvious in this time sector. In

many years, the minima in IS in the summer are paired with a maxima in GS, indicating

a potentially blocking effect of GS on detection of IS. The seasonal variations in GS are

approximately half that of the variations in IS, supporting the notion that GS is not the only

reason for smaller summer rates. The GS seems to be enhanced during the years of higher

solar activity.

For the SAS radar (Fig. 5.1f), the IS rates are low; GS dominates strongly and the

maxima in GS occurrence rate are achieved in winters while minima are achieved in summer.

Overall GS rates are clearly enhanced during high solar activity periods. Since GS is strongly

controlled by the electron density in the ionosphere (providing sufficient bending of radio
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Figure 5.1: Line plots of the solar flux F10.7 cm (top two panels, identical) versus year.
The top, middle, and bottom panels show the average echo occurrence rate for the radars
RKN, SAS, and HOK, respectively over many years. Measurements at all radar operating
frequencies (typically 10-12 MHz) were considered. The left column contains rates for night
hours (21-03 LT), while the right column shows daytime (9-15 LT). In the echo occurrence
panels, thick lines are for ionospheric echoes (black in night, or yellow in day) while thin,
orange lines are for ground scatter. Winter, spring, summer, and fall data values are given
by blue, green, red, and orange colored diamonds, respectively. Ionospheric echo data are
increased by 3 times for panels f), g), and h) to better visualize seasonal variations.
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waves propagation paths), this is very likely the result of higher electron densities in winter,

and the solar cycle maximum, as highly expected (e.g., Fig. 1.7 of Ghezelbash, 2013).

The IS occurrence rates for SAS are low with very minor enhancements during summer in

2008-2013 and winter in 2014-2018. These IS enhancements correlate with very deep minima

in GS detection rates at the beginning of the solar cycle (2008-2013) indicating again that

GS is masking some amount of IS detection.

For the HOK radar (Fig. 5.1h) GS also dominates strongly but seasonal variations are

not as obvious as in other graphs. The influence of the solar cycle on GS rates is very evident.

The IS occurrence rates for the HOK radar are even smaller than those at SAS, but the HOK

radar shows clear summer maxima for all years. Most of these IS maxima are “matched”

with minima of GS. In terms of long-term trends, the decay in GS occurrence rate after 2016

correlates with general increase of IS.

5.1.2 Nighttime

We now consider the nighttime observations. The RKN IS nighttime rates (Fig. 5.1c) are

generally smaller than the daytime rates and the overall enhancement of the echo occurrence

at the solar cycle maximum is obvious. The rates show much faster variability than during

daytime; equinoctial maxima (green and orange diamonds) are evident in most years. The

GS occurrence rates are only about half that of daytime. Like in the daytime, GS occurrence

maxima are achieved in summer, which is expected as winter nighttime densities are low

in the polar cap (Themens et al., 2017). The peaks in GS coexist with the minima in IS

occurrence for a few years.

The SAS nighttime occurrence rates (Fig. 5.1e) for GS and IS are very comparable

and highly correlated with maxima in summer and minima in winter. Occurrence rates

enhancements at high solar activity are very weak.

The HOK nighttime rates (Fig. 5.1g) for IS are the lowest among the three radars

considered. They show weak winter maxima and a general decline during years of highest

solar activity. This is in sharp contrast to the higher latitude radars. The nighttime GS rates

at HOK, like SAS, are about half that of daytime and they show clear summer maxima and

winter minima. The anti-correlation of IS and GS rates indicates that occurrence of GS may

affect the occurrence of IS. There is no obvious correlation between solar activity and GS at

nighttime.

5.1.3 Results

Several conclusions can be made from the plots presented.
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1. Over a solar cycle, the intensity of radiation increases (e.g., Huang et al., 2016) which

translates to increased electron densities, a well know effect at various latitudes (Themens

et al., 2017). The rate of ionospheric scatter echo occurrence is most strongly increased

towards the solar cycle maximum on the nightside in the polar cap (Fig 5.1c). The

sensitivity of the nightside polar cap ionospheric echo detection rate to the solar activity

can be attributed to the generally low ionospheric densities at these latitudes. The

dayside and lower-latitude IS rates are less affected because the electron density is well

above the saturation threshold (Koustov et al., 2019) most of the time, irrespective of

the solar cycle phase.

2. An enhancement of ground scatter occurrence is seen on the dayside at middle and

auroral oval latitudes. The larger electron densities present here (especially during

high solar activity) increase the radio path bending, which causes more transmitted

signals to be turned towards the ground. During daytime, stronger and consistent

seasonal variations of GS are observed at auroral oval latitudes whereas they are very

irregular at middle latitudes. This is very likely related to the somewhat different

physics dominating ionospheric processes between these regions. On the nightside,

seasonal variations for the GS echo occurrence rate are similar between radars.

3. The IS summer occurrence rates for the RKN radar (polar cap, sunlit ionosphere), both

on the nightside and dayside, are low (about 20%) and do not change substantially

over the solar cycle. This may be due to the effect of solar illumination smoothing out

ionospheric irregularities.

The extent to which the solar irradiation smooths out ionospheric plasma gradients

and how this changes over the solar cycle is not known to the author.

5.2 Influence of D region absorption on occurrence of

SuperDARN echoes

Although the absorption of radio waves in the D region is well accepted as a factor affecting

the detection of SuperDARN echoes, it has not yet been quantitatively assessed (e.g., Danskin

et al., 2002). Estimates of HF radio wave absorption in the Earth’s ionosphere are traditionally

done using a relative ionospheric opacity meter (riometer) (e.g., Davies, 1990; Foppiano and

Bradley, 1984; Hargreaves, 1969; Little and Leinbach, 1959). Put simply, a riometer on the

ground uses an antenna to receive and measure cosmic radio noise (e.g., Little and Leinbach,

1959). Ionospheric absorption is determined by comparing the measured radio intensity to
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the expected background level. In this thesis, I used data collected by a standard riometer

run by Natural Resources Canada at Inuvik (Danskin et al., 2011).

It is important to realize that the signal detected by a riometer comes from a number

of sources and, although the digital recording of an incoming signal is a straightforward

procedure, extracting values for ionospheric attenuation/absorption is not a trivial task. It is

not a surprise that the NRCAN sites provide only raw data. One fundamentally unavoidable

source of uncertainty is the fact that as the Earth moves along its orbit and rotates around its

axis, the cumulative radio noise signal reaching the antennae varies as galactic sources move

through antennae main and side lobes. Because of this, there is a more or less systematic

diurnal variation of signal power, specific for each location and season. Additional spurious

signals might come from man-made HF radio transmitters (e.g., communication systems),

precipitating particles radiation, and thunderstorm activity. To calculate ionospheric radio

absorption, the strength of un-attenuated cosmic radio noise must be known. This background

level is called the Quiet Day Curve. Then signal attenuation (usually expressed in decibels)

is calculated as the decrease in cosmic noise power with respect to the QDC.

I attempted to investigate the importance of radio wave absorption by comparing INV

echo occurrence rates and riometer absorption measurements at Inuvik. Riometer data for

the Inuvik site for the year of 2015 have been provided by Dr. Robyn Fiory of NRCAN.

Considering the polar cap latitudes for the comparison is advantageous because strong,

auroral type bursts, are rare here. With the exception of substorm-related incursions of

activity from lower latitudes, no strong particle precipitation occurs here.

Ideally, the riometer would be located near the area where the radar signal enters the

ionosphere (300-400 km away from the radar). Indeed, Danskin et al. (2002) reported that

for the auroral zone Hankasalmi radar, an increase in riometer absorption was not always

accompanied by decrease of radar echo signal. This was explained by the fact the radar

radio waves are within the ionospheric F region at these ranges and increased absorption in

the D region does not affect the echo power. This favorable configuration does not exist in

the North American sector. The best available co-located radar and ionosonde are at INV,

Nunavut. All other NRCAN riometers are located at ranges more than 500 km away from

SuperDARN radars.

Figure 5.2 gives an example of joint INV radar-riometer observations on 3 March 2015.

Here the riometer absorption is given by a black line for every 15 min of observations. In

Figure 5.2a, the riometer absorption is expressed in percent, rather than the traditional

presentation in dB because typical values of absorption are low at this location. To remind

the reader, a signal attenuation of 50% corresponds to signal power attenuation of 3 dB.

Figure 5.2a shows three periods around 08 UT, 12 UT, and 20 UT, where ionospheric
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Figure 5.2: (a) Inuvik (INV) SuperDARN radar and riometer absorption data according to
observations on 3 March 2015. (a) Blue and green lines are the ionospheric echo occurrence
rate in beams 13-15, gates 2-10 and 10-30, respectively. The black line is the attenuation
of galactic radio noise power (with respect to the signal level at quiet time), in %. 15-min
medians were used for both quantities. (b) A scatter plot of echo occurrence rate medians
versus radio noise attenuation (in %) medians for coinciding 15-min medians. The total
number of joint points as well as the correlation coefficients between the radar and riometer
signals are shown in the top right corner. The blue and green lines linear fits to the data.
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radio absorption is intensified. The strongest peak at ∼20 UT of 50% is not a frequent

phenomenon. There is also a relatively small but long-lasting increase in absorption from

∼15 up until ∼21 UT with the maximum of 15% at ∼1730 UT. Almost no absorption is seen

between 0 and 6 UT.

Figure 5.2a also shows the echo occurrence rate for INV observations in beams 13-15 in

two bands of rage gates. Echoes in gates 2-10 are presumed to be E region echoes, while

gates 11-30 are presumably F region echoes. Between 0 and ∼6 UT, there are temporal

variations in occurrence rate in both echo bands with no obvious strong changes of absorption.

Between 07 and 09 UT, the first absorption intensification was detected. Shortly after, the F

region occurrence rate dropped. The delay could be related to the spatial separation of the

echo forming region and the riometer zenith. During the second double-peaked absorption

intensification between 11 and 13 UT the echo occurrence rate was small, and increased as

the absorption decreased. Afterwards, echo occurrence rates were very high for the E region

band until the sharp absorption spike at ∼19-21 UT.

Towards ∼17-18 UT, echo occurrence rates for the F region band were decreasing, as

expected giving the increase in absorption, but the sharp intensification of absorption at

∼20 UT was not accompanied by a substantial decrease in F region band echo occurrence

rate. This indicates that the correlation between the two is weak, although it could be a case

where the region of absorption did not overlap with the echo band.

Figure 5.2b shows matched in time pairs of echo occurrence rate and riometer absorption,

separately for the two echo bands. A large data spread is obvious for both blue and green

points. The data clouds are assessed in Fig. 5.2b by applying a linear fit for each echo band.

The green line (for the E region band) has a negative slope, meaning that an increase in

radio wave absorption correlates with a decrease in echo detection rate, as expected. The

blue line (for the F region echo band) has a positive slope, contrary to expectations. The

correlation coefficients in both cases are rather low, which is consistent with visual analysis

of these parameters as discussed above.

The fitting procedure has been performed for joint radar-riometer observations for each

day of 2015 to find out the typical slopes of the dependencies. Figure 5.3 shows that histogram

distributions for both E region and F region bands are centered around zero, meaning that

echo occurrence is not influenced by riometer absorption. To characterize the histogram

quantitatively, a least squares fit with a Gaussian-type curve was applied. The peaks of

the resulting curves are at slopes of +0.06 of occurrence percent over percent of absorption

(%occ/%abs) for the E region band and −0.07(%occ/%abs) for the F region band, with the

former curve being about twice as wide as the latter.

These results indicate that there is no strong correlation. Although an increase in riometer
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Figure 5.3: Normalized histogram distribution of the slopes of the linear fit line for the
dependence of INV echo occurrence rate (in %) versus INV riometer absorption (in %
attenuation). Green and blue lines are for echo range gates bands of 2-10 and 11-30,
respectively. The histograms are characterized by Gaussian-type distributions, with the mean
and width shown by numbers of corresponding color.
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absorption implies enhanced INV radio wave absorption, we see a corresponding decrease in

echo occurrence in only about half of cases.

One potential reason for the lack of consistency is that riometer absorption was monitored

several hundred km away from the location of the E region echo band and up to 1500 km away

for the F region echo band. This is similar to the conclusion of previous work by Danskin et al.

(2002), implying that a more overlapping radar-riometer configuration is needed to make

further progress in assessing the role of radio wave absorption on occurrence of SuperDARN

echoes.

Another possible avenue of exploration is an investigation of SuperDARN echo occurrence

rates during solar flare events (e.g., Fiori et al., 2018). Here temporal variations of echo signal

(often a complete fading) can be studied as the radio wave absorption is enhanced by the

sharp increase in solar radiation. The relatively slow processes of radar signal recovery and

the decay of the ionospheric D region electron density are of interest as well.

Finally, it is possible that an enhancement in D region absorption is directly related

to phenomena that have a counteracting effect of increasing echo occurrence rate, such as

increased electron density or irregularity production.

5.3 Summary

This chapter takes further steps to assess the variations in occurrence of SuperDARN echoes,

and the causes of these variations.

We started with a more detailed investigation of long-term trends in the occurrence rates

of both ionospheric and ground scatter, in relation to the F10.7 cm solar flux. Observations

in the polar cap, auroral zone, and low-middle latitudes were considered by involving data

from the Rankin Inlet, Saskatoon, and Hokkaido radars. We looked for differences between

night and day. Due to the differing latitudes of these radars, each one experiences a different

diurnal cycle over the seasons of a year.

The second step was an attempt to identify a correlation between occurrence of polar

cap ionospheric echoes detected by the Inuvik SuperDARN radar and cosmic radio noise

variations as measured by a riometer (measuring radio noise absorption) also located at Inuvik.

The radio noise absorption was implied to be a good proxy of HF radio noise absorption

in the D region. Very little correlation was found between absorption and echo occurrence,

implying that either there is no relation, or that there are conflicting mechanisms.
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Chapter 6

Summary of the thesis and suggestions

for future research

This thesis addressed several aspects of SuperDARN experimentation. The purpose of this

short chapter is to summarize the most interesting results and make suggestions for future

research.

6.1 Summary

Here I provide a brief summary in plain language of what has accomplished over the duration

of this thesis.

Throughout my work, it was crucial to understand the process of formation of HF coherent

echoes from the ionosphere. To this end, software has been developed for tracing radar waves

in a 2-D slice of ionosphere. The program calculates radio propagation paths through an

ionosphere with arbitrary electron gradients. A tilt in the ionospheric layer was calculated

at every step and was used as the interface for solving Snell’s law. By introducing a small

amount of random noise, the “roughness” of the ionosphere can be simulated. The model

can predict the expected echo power distribution along individual radar beams, along with

marking the height of potential backscatter. This is a very useful tool for investigation of

SuperDARN echoes in the transition region where echoes can be detected simultaneously

from both E and F region irregularities. The model has not been used specifically for this

thesis but is being used in other studies.

The next task was to assess the reliability of peak electron density measurements with the

RKN SuperDARN radar. These are based on elevation angle measurements. We considered

a long-term data set comprising of ∼10 years of measurements. A comparison was made

between RKN-based peak electron densities in the F region and measurements made by

CADI, since both instruments observe the ionosphere over the Resolute Bay area. In this

comparison, data in a relatively large area (of at least 200 km) along RKN beams 4-6 centered
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over Resolute Bay were tested against CADI measurements in a relatively small portion of

this ionospheric region. The RKN data used had a 1-minute temporal resolution, while CADI

data were given for each half hour. Comparisons were done for measurements taken by both

instruments at nearly the same time. Electron density estimates from RKN radar were found

to correlate well with measurements from CADI. At high electron densities, RKN estimates

tend to be lower than CADI. This is very pronounced in the night sector. Linear equations

were derived which describe the RKN-CADI relationship. These can be used to correct RKN

estimates to be closer to those measured by CADI. Importantly, this comparison had very

few points with low electron density because both instruments have limited capabilities to

measure densities below ∼1×1011 m−3.

Next, the RKN-based peak electron densities in the ionosphere over Resolute Bay area

were compared with measurements by RISR. For this analysis, we used about 40 hours of

joint measurements from 2016. The thesis reports results for RISR experiments in the world

day mode. In this mode, one beam from RISR (beam 3) had excellent spatial overlap with

beam 5 of RKN. RISR data were given with a 5-minute temporal resolution, and RKN data

were averaged accordingly. This comparison also showed reasonable agreement between the

instruments for the daytime. Significant differences were found for nighttime. Importantly,

RISR is able to measure densities at or below 1×1011 m−3. It was found that for such

low densities, the RKN measurements are often significantly larger than those measured by

RISR, especially in winter. The discrepancy was related to the fact that RKN elevation

measurements (from which density is derived) rely on interferometry. Because of how the RKN

radar is set up, there are cases in which the phase of an incoming signal can be misinterpreted

by multiples of 2π. There is currently no robust method for eliminating this effect. In this

study, the effect was reduced by simple removal of data points with high phase angles. This

method is overly simplistic though, and ends up also affecting true measurements of high

electron density. The technique for automatic correction is left for future work. The linear

fit equations describing the relationship RKN-RISR for various time sectors were derived as

well, allowing the correction of RKN estimates to be closer to those measured by RISR.

Another task was to assess the SuperDARN ionospheric echo occurrence rates for the

radars located in the Northern and Southern polar caps. The targets were long-term (solar

cycle), seasonal, and diurnal variations, as well as the effect of electron density and electric field

intensity on echo occurrence rates. To consider hemispheric differences, three radars in the

Northern Hemisphere (RKN, INV, and CLY) and three radars in the Southern Hemisphere

(DCE, MCM, and SPS) were used. For most of these radars, five years of observations

(2013-2017) were available.

The details of this work were not presented in this thesis because they were published in
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an open access journal (Koustov et al., 2019) by the time of this writing. Only the findings

of that paper were reported. We summarize those findings after describing the new results

(obtained beyond what has been included into the paper), that were included into this thesis

in Chapter 4.

To study the effect of the electric field on occurrence of SuperDARN polar cap echoes,

we attempted to correlate echo occurrence rates with the solar wind electric field. The idea

behind this analysis was that the electric field and the E×B velocity of plasma flow in the

polar cap are strongly controlled by the cross polar cap electric potential, which is ultimately

related to the solar wind electric field. This relationship is currently being studied by the

space science community. We showed that there is a very weak positive correlation between

the echo occurrence rate for the polar cap radars and the magnitude of the solar wind electric

field but only on the dayside.

Other aspects of the problem have been studied in the published paper. One conclusion

is that the patterns of echo occurrence on a Month-LT plane are similar between all polar

cap radars, with overall maxima in the afternoon hours of winter. Echo occurrence rates are

often increased during night hours near the equinoxes. The occurrence rates are consistently

smallest near the midnight and morning sectors. This is where the electron density is lowest,

resulting in insufficient ionospheric radio wave refraction, and poor propagation conditions.

It was shown that the rates of echo occurrence (especially in the afternoon) decrease

substantially and consistently for all radars during the declining phase of the solar cycle

(after 2015) with stronger declines in the southern hemisphere. The occurrence rate increase

towards the solar cycle maximum (April 2014) was not obvious in the afternoon sector but

well recognizable in the midnight sector.

To study the effects of electron density, estimates were created from radar elevation angles

for RKN and DCE. The long-term variations of echo occurrence rate were shown to correlate

with changes in the electron density.

We later made a further attempt to distill the role of electron density in the occurrence of

SuperDARN echoes, by looking for a connection to the solar activity represented by F10.7 cm

flux. It was shown that the annually-averaged electron density in the polar cap increases with

the solar activity on the dayside where electron density measurements were most reliable.

Contrary to this, echo occurrence rates did not correlate strongly with solar activity,

Another factor suspected to influence echo occurrence rates is ionospheric electric field

intensity. Relevant data were obtained by merging Doppler velocity data from the Northern

Hemisphere radars. Due to their locations, this process could not be done for the Southern

Hemisphere radars. It was found that on long time scales, echo occurrence rates were not

strongly correlated with electric field variations. These results presented in Koustov et al.
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(2019) are consistent with the reported response of echo occurrence rate to the solar wind

electric field increase (Chapter 4).

Seasonal variations of echo occurrence were fairly consistent across all radars, with clear

maxima near winter and minima in summer, and with stronger summer-winter swings in

the southern hemisphere. It was shown that the seasonal changes are inversely correlated

with electron density, implying that other factors are more important. One factor that seems

to be especially important is irradiation of the ionosphere by the Sun, which destroys the

electron density gradients needed for generation of ionospheric irregularities.

Finally, investigation of diurnal variations of echo occurrence found significant differences

between seasons but relative consistency for radars in the same hemisphere. The strongest

pattern observed was a near-noon peak in echo occurrence rates during winter. It was

found that ground scatter does affect ionospheric echo detection, but not so strongly as to

substantially change the diurnal patterns of echo occurrence.

To better understand the assessed variations in echo occurrence, the dependence of echo

occurrence rate on the electron density and electric field was investigated separately. It was

shown that the dependence on the electron density is highly non-linear, with occurrence rates

decreasing dramatically at very low densities. As electron density increases, the dependence

saturates, implying that SuperDARN echo detection is reliant on meeting a certain threshold

density. The threshold for saturation is smaller (and best seen) in the winter and is somewhat

influenced by the electric field in the ionosphere. Echo occurrence rates also generally increase

with the electric field in the ionosphere. This effect is stronger in the summer. These inferred

dependencies explain some of the observed features in variations of echo occurrence, but not

all. More work is required for a better understanding.

6.2 Suggestions for future research

The work undertaken in this thesis has several potential expansions that I briefly identify

here.

6.2.1 HF model as a tool for testing

Chapter 3 has already outlined two potential applications of the developed model of HF

signal formation: 1) identification of cases with echo detection simultaneously from E and

F region heights and 2) testing the statistical models of the electron density distribution in

the ionosphere. The first task is relatively easy to accomplish because the developed code

is time-efficient, contrary to full analysis with the magneto-ionic consideration based on
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the Haselgrove ray-tracing approach (e.g., Coleman, 2011, and references therein). Such an

accomplishment would be helpful in locating simultaneous E/F region echo detection events

in the SuperDARN data base.

6.2.2 Electron density derivation from SuperDARN elevation data

One clear conclusion of this thesis is that more careful analysis of SuperDARN elevation

angle data needs to be done for observations under very low (< 1×1011 m−3) and very high

electron density in the ionosphere (> (3−4)×1011 m−3). Although the main problem, the

2π ambiguity, is ultimately a consequence of the fixed separation between the main and

interferometer arrays, we have multiple ideas that could improve current techniques. Having a

statistical value of the electron density at a specific time would allow for better identification

of cases with obvious phase-related flips, which would allow for correction of most occurrences

of the issue. This solution would have its own problem, in that it would bias SuperDARN

measurements towards the results of whatever model was used. A method to better detect

which elevation data would be suitable for determination of electron density, beyond the

current 5-gate procedure, would give access to a greater pool of data and thus reduce the

uncertainty inherent to having a low number of measurements. We also briefly investigated

the possibility of generating ionograms from SuperDARN data, in the style of a classic

ionosonde. This work was speculative but showed some potential promise. Implementation

of the electron density estimates to other radars of the network is highly desirable. This

would allow for a more comprehensive assessment of this novel method. One example is

observations in the European sector where ionosonde coverage is more dense and two other

incoherent scatter radars operate for much longer time than the RISR radars.

6.2.3 Reasons for variations in occurrence of SuperDARN echoes

This thesis dealt with signals presumably received through the 1
2
-hop propagation mode, i.e.

through the radio wave direct entry into the F layer. The theoretical model considered in

the thesis (Chapter 3), consistent with general expectations from HF tracings in various

publications, expects that some echoes in the range gates considered (10-30) can actually be

received from E region heights. In this view, it is desirable to compute the echo occurrence

rates by eliminating cases of obvious E region echo detection. Identification of E region echo

cases is a delicate task because reliable elevation angle data are required (Ponomarenko et al.,

2015). For the RKN radar this seems to be a real possibility. Work with other radars is less

promising as their phases data require re-calibration. Recent and still ongoing development of

the calibration techniques by the SuperDARN community might open up these opportunities
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in the future, after the techniques become available to individual users. Such work is of

particular importance for the South Pole radar monitoring echoes while looking along the

E×B plasma flow most of the time. Koustov et al. (2019) mentioned that for this radar, the

echo bands often begin at range gates below 10, so it is unclear whether these are F region

echoes, meaning that the data needs to be checked routinely.

Another interesting and related question pertains to the occurrence rates of E region

echoes received through the 11
2
-hop propagation mode via E region reflection/refraction

(Lacroix and Moorcroft, 2001). Such echoes are expected to occur in range gates as short as

15 (their Fig. 6). Estimates of these echo occurrence rates have never been done, but their

presence might noticeably (although not fundamentally) affect the SuperDARN convection

maps. Such a task seems to be possible at least for the RKN radar data. Gillies et al. (2018)

reported cases of such echo detection, but at large range gates > 30.
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A. V. Koustov, G. J. Sofko, D. André, D. W. Danskin, and L. V. Benkevitch. Seasonal

variation of HF radar F region echo occurrence in the midnight sector. Journal of

Geophysical Research: Space Physics, 109(A6), 2004. doi: 10.1029/2003JA010337. URL

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2003JA010337.

A. V. Koustov, P. V. Ponomarenko, M. Ghezelbash, D. R. Themens, and P. T. Jayachandran.

Electron density and electric field over Resolute Bay and F region ionospheric echo detection

with the Rankin Inlet and Inuvik SuperDARN radars. Radio Science, 49(12):1194–1205,

2014. doi: 10.1002/2014RS005579. URL https://agupubs.onlinelibrary.wiley.com/

doi/abs/10.1002/2014RS005579.

81

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA022231
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA022231
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2008RS004046
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2008RS004046
https://angeo.copernicus.org/articles/30/221/2012/
https://angeo.copernicus.org/articles/30/221/2012/
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2003JA010337
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014RS005579
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014RS005579


A. V. Koustov, R. A. D. Fiori, and Z. Abooali zadeh. Long-term variations in the

intensity of polar cap plasma flows inferred from SuperDARN. Journal of Geophysical

Research: Space Physics, 120(11):9722–9737, 2015. doi: 10.1002/2015JA021625. URL

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA021625.

A. V. Koustov, P. V. Ponomarenko, C. J. Graf, R. G. Gillies, and D. R. Themens. Optimal

F region electron density for the PolarDARN radar echo detection near the Resolute

Bay zenith. Radio Science, 53(9):1002–1013, 2018. doi: 10.1029/2018RS006566. URL

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018RS006566.

A. V. Koustov, S. Ullrich, P. V. Ponomarenko, N. Nishitani, F. M. Marcucci, and

W. A. Bristow. Occurrence of F region echoes for the polar cap SuperDARN radars.

Earth, Planets and Space, 71:112, 2019. doi: 10.1186/s40623-019-1092-9. URL https:

//doi.org/10.1186/s40623-019-1092-9.

A. V. Koustov, S. Ullrich, P. V. Ponomarenko, R. G. Gillies, D. R. Themens, and

N. Nishitani. Comparison of SuperDARN peak electron density estimates based on

elevation angle measurements to ionosonde and incoherent scatter radar measurements.

Earth, Planets and Space, 72:43, 2020. doi: 10.1186/s40623-020-01170-w. URL https:

//doi.org/10.1186/s40623-020-01170-w.

I. Kutiev, I. Tsagouri, L. Perrone, D. Pancheva, P. Mukhtarov, A. Mikhailov, J. Lastovicka,

N. Jakowski, D. Buresova, E. Blanch, B. Andonov, D. Altadill, S. Magdaleno, M. Parisi,

and J. Miquel Torta. Solar activity impact on the Earth’s upper atmosphere. J.

Space Weather Space Clim., 3:A06, 2013. doi: 10.1051/swsc/2013028. URL https:

//doi.org/10.1051/swsc/2013028.

P. J. Lacroix and D. R. Moorcroft. Ion acoustic hf radar echoes at high latitudes and far

ranges. Journal of Geophysical Research: Space Physics, 106(A12):29091–29103, 2001. doi:

https://doi.org/10.1029/2001JA000024. URL https://agupubs.onlinelibrary.wiley.

com/doi/abs/10.1029/2001JA000024.

L. J. Lamarche and R. A. Makarevich. Solar control of F region radar backscatter:

Further insights from observations in the southern polar cap. Journal of Geophysical

Research: Space Physics, 120(11):9875–9890, 2015. doi: 10.1002/2015JA021663. URL

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA021663.

L. J. Lamarche and R. A. Makarevich. Radar observations of density gradients, electric

fields, and plasma irregularities near polar cap patches in the context of the gradient-drift

82

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA021625
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018RS006566
https://doi.org/10.1186/s40623-019-1092-9
https://doi.org/10.1186/s40623-019-1092-9
https://doi.org/10.1186/s40623-020-01170-w
https://doi.org/10.1186/s40623-020-01170-w
https://doi.org/10.1051/swsc/2013028
https://doi.org/10.1051/swsc/2013028
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2001JA000024
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2001JA000024
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015JA021663


instability. Journal of Geophysical Research: Space Physics, 122(3):3721–3736, 2017. doi:

10.1002/2016JA023702. URL https://agupubs.onlinelibrary.wiley.com/doi/abs/

10.1002/2016JA023702.

H. Lawal and M. Lester, editors. Preliminary result on the statistical analysis on the effect

of energy parameters on HF backscatter, SuperDARN workshop, Fairbanks, Alaska, USA,

2016.

C. G. Little and H. Leinbach. The Riometer-a device for the continuous measurement of

ionospheric absorption. Proceedings of the IRE, 47(2):315–320, Feb 1959. ISSN 2162-6634.

doi: 10.1109/JRPROC.1959.287299.

S. E. Milan, T. K. Yeoman, M. Lester, E. C. Thomas, and T. B. Jones. Initial backscatter

occurrence statistics from the CUTLASS HF radars. Annales Geophysicae, 15(6):703–718,

1997. doi: 10.1007/s00585-997-0703-0. URL https://angeo.copernicus.org/articles/

15/703/1997/.

S. E. Milan, J. A. Davies, and M. Lester. Coherent HF radar backscatter characteristics

associated with auroral forms identified by incoherent radar techniques: A comparison of

CUTLASS and EISCAT observations. Journal of Geophysical Research: Space Physics,

104(A10):22591–22604, 1999. doi: 10.1029/1999JA900277. URL https://agupubs.

onlinelibrary.wiley.com/doi/abs/10.1029/1999JA900277.

H. Mori, E. Sagawa, T. Ogawa, T. Ogawa, H. Yamagishi, and H. Fukunishi. Comparative

analysis of electron density and electric field fluctuations in highly active aurora observed by

sounding rocket S-310JA-12. Journal of Geomagnetism and Geoelectricity, 40(7):859–869,

1988. doi: 10.5636/jgg.40.859.

N. Nishitani, J. M. Ruohoniemi, M. Lester, J. B. H. Baker, A. V. Koustov, S. G. Shepherd,

G. Chisham, T. Hori, E. G. Thomas, R. A. Makarevich, A. Marchaudon, P. V. Ponomarenko,

J. A. Wild, S. E. Milan, W. A. Bristow, J. Devlin, E. Miller, R. A. Greenwald, T. Ogawa,

and T. Kikuchi. Review of the accomplishments of mid-latitude Super Dual Auroral Radar

Network (SuperDARN) HF radars. Progress in Earth and Planetary Science, 6:27, 2019.

doi: 10.1186/s40645-019-0270-5. URL https://doi.org/10.1186/s40645-019-0270-5.

T. Ogawa, H. Mori, and S. Miyazaki. Rocket observations of electron density irregularities in

the Antarctic auroral E region. Journal of Geophysical Research, 81(22):4013–4015, 1976.
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Appendix A

Debye derivation

Start with a background plasma density of n0. Considering only short timescales, ions are

stationary, and so ni = n0. Electrons can move and change in density to follow a Boltzmann

distribution, with the number of electrons ne in a given state being dependent on the energy

Es of that state according to ne = n0e
− Es

kBT , with kB being the Boltzmann constant and T as

the temperature. The potential energy of an electron in a voltage potential V is E = qV .

In a given region of space, the net charge density is ρ = q(ni−ne), which gives rise to an

electric potential V as −∇2V = ρ
ε0

. By simplifying the net charge equation to ρ = qn0( qV
kBT

),

we can find the electric potential as a differential equation.

−∇2V =
q2n0V

kBTε0
(A.1)

The Laplace operator in spherical coordinates gives the radial component of voltage

δ2V

δ2r
+

2

r

δV

δr
=
q2n0V

kBTε0
(A.2)

By starting from the voltage potential of a free charge Vfree ∝ 1
r

and assuming a general

solution of the form exp(mr) (where m is a constant), we find:

V =
q

4πε0r
exp(− r

λD
) (A.3)

In this equation, λD is the Debye length, and is equal to
√

(kBTε0)/(q2ne).
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Appendix B

ACF derivation

Consider a perfectly reflecting target located at an arbitrary distance from the radar, and

moving directly away at a speed of V . The radar sends a series of radio packets towards the

target. To form a packet, the radar begins transmission for a duration of 300 µs, then stops

transmission. The series of radio packets are separated in time by a number of lags. A lag

is a duration of length τ (2.4 ms for normal SuperDARN operation) in which the radar is

not transmitting. Let us assume that the series of packets sent by the radar are timed to

form lags of 2τ , 3τ , and 4τ as shown in Fig. B.1. The first packet will be reflected from the

Figure B.1: A scheme of 4-pulse sequence that can be used for formation of Auto Correlation
Function (ACF) and derivation of the Doppler velocity of returned HF signal. By clever
spacing of packets, we can create 6 different lags out of just 4 signals.

target and arrive back at the radar at a time t0. Since there was a delay of 2τ before the

transmission of the second packet, the target will have moved farther away (a distance of

2τV ) by the time of reflection. As a result, the second packet will arrive at the radar at time

t0 +2τ+4τV/c, where c is the speed of light. The other packets will be delayed in the same

manner. Since the signals are electromagnetic waves, they can be represented as complex

sinusoids of the form R(k) = exp(i2πf(t−2kτV/c)), where k denotes the lag number.

For a received signal R, the ACF magnitude A is given as a function of the lag number k

as A(kτ) =
∑
R(t)R∗(t+kτ), where R∗ is the complex conjugate of R and τ is the shortest

lag (2.4 ms). In this example, the first two terms of the ACF are meaningless:
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ACF (k = 0) = 4 (each received packet correlates perfectly with itself)

ACF (k = 1) = 0 (there are no pulses offset by 1 lag from another pulse)

The remaining terms far more interesting. Each different lag of the ACF will equal the

correlation between the pulses with that temporal separation.

ACF (k = 2) = exp(i2πft)∗exp(−i2πf(t−2kτV/c)) is the correlation between the first

and second pulses. Since it is a multiplication of two complex exponentials, it can be simplified

as exp(i2πf ∗2kτV/c). This expression is valid for any ACF(k) so long as there is exactly

one instance of pulses separated by k lags (which is why it did not provide meaningful results

for k = 0 or k = 1 here). We can simplify slightly further by using the wave relation c/f = λ

to get

ACF (k) = exp(i2π
2kτV

λ
) (B.1)

The phase of this complex wave,

θ = 2π
2kτV

λ
(B.2)

is directly proportional to the velocity of the target. By looking at the rate of change of the

phase
dθ

dk
=

4πτV

λ
(B.3)

we can find an expression for the velocity of the target

V =
λ

4πτ

dθ

dk
(B.4)

We can also see the limit of this method. If the phase of the ACF changes by π (or more)

between two sequential lags ( dθ
dk
> π), then the velocity becomes ambiguous. This gives a

maximum measurable velocity of Vmax = λ/4τ .
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