
Faculty of Science and Technology, Department of Physics and Technology

Radio wave propagation through the ionosphere
Plasma experiments at the topside ionosphere

Theresa Rexer
A dissertation for the degree of Philosophiae Doctor    September 2021





Radio wave propagation through
the Ionosphere

Plasma experiments at the topside ionosphere

Theresa Rexer

A dissertation for the degree of Philosophiae Doctor (PhD)
at UiT The Arctic University of Norway

September 2021



Cover:
Artistic rendition of space physics using radars. Artist: Rosa Leni Fee Fischer



For me.....und für mein Opi Bernd

Highly organized research is guaranteed to produce nothing new.
— Frank Herbert, Dune





Abstract

The non-transient plasma that is closest to Earth is found in the ionosphere at
altitudes above approximately 60 km. It is observed either by ground-based,
in-situ, or space-borne instrumentation and utilized to study and determine
plasma phenomena and dynamics and the near-Earth space. Through ac-
tive modification experiments, transmitting high-power, high-frequency radio
waves into the ionospheric plasma, the interaction between waves and parti-
cles in a plasma can be studied in controllable and repeatable experiments.

The transmitted radio wave is usually assumed to propagate either in the left-
handed O mode or right-handed X mode. When encountering the respective
cutoff or reflection condition in the ionosphere, the incident wave is reflected
and does not propagate further into the ionospheric plasma. However, mul-
tiple experiments show that transionospheric wave propagation, beyond the
reflection altitude and to the topside ionosphere, is possible for certain con-
ditions.

This thesis investigates the conditions and characteristics of transionospheric
wave propagation in the polar ionosphere. Multiple experiments conducted
at the EISCAT facilities near Tromsø, were performed transmitting an O-mode
wave in the magnetic zenith direction. The findings show evidence of the in-
cident wave propagating beyond its cutoff altitude and continuing propaga-
tion. Systematically recurring enhancements of the ion line spectra, gener-
ated by the modification wave, at the topside ionosphere are presented, as
well as electron temperature enhancements consistent with wave propaga-
tion to higher altitudes.

Further, a method for determining the electron density to a higher accuracy
than previously achieved, has been developed. This permitted the calculation
of altitude profiles of the plasma- , upper hybrid- , and multiple cutoff fre-
quencies, enabling the identification of two separate cases of topside ion line
enhancements. With this, a gyroharmonic effect at the top- and bottomside
ionosphere has been identified for both cases, as well as the characteristics
of transionospheric wave propagation. The observations are consistent with
wave propagation in the L mode rather than the Omode. This thesis suggests
a plausible propagation process and discusses the involved plasma processes.
The results firmly establish the possibility of transionospheric wave propaga-
tion outside the standard radio window and thus expand our current under-
standing of wave-particle interaction and wave propagation in a plasma.
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Chapter 1

Introduction

It is strange to think that ∼99.9% of the matter in the universe consists of
plasma, when we normally do not frequently encounter it in our everyday life.
Distant stars and planetary nebulas consist of plasma, as does our closest
star, the Sun. There is plasma in the interplanetary space of our solar sys-
tem called the solar wind, streaming and expanding radially outward from the
Sun. Closer to Earth, there is plasma in the Earth’s magnetosphere. Closer
still, plasma is found in Earth’s upper atmosphere, where ultraviolet radiation
from the Sun ionizes the neutral gas in the atmosphere and creates a layer
of dense plasma. This is the ionosphere and if one could drive straight up to-
wards space, it would only be a short drive of ∼100 km. Studying space, how
our Earth is coupled to it and understanding the phenomena and dynamics
we observe in the near-Earth space, is thus innately about understanding the
phenomena, characteristics and dynamics of plasma.

A plasma is a electrically neutral substance often referred to as the fourth state
of matter, although there are distinct differences to the other three states. It
contains electrically charged particles, ions and electrons, and strongly inter-
acts with electric andmagnetic fields, both internal and external while appear-
ing neutral on a large scale. Each particle is affected by other charged particles
simultaneously, and in turn it affects those, resulting in complex collective be-
havior. A variety of physical phenomena can be observed in a natural plasma,
of which the best known is the aurora, visible to the naked eye in the night sky
of the polar regions. Plasmas are highly conductive and carry energy, momen-
tum and charge. A characteristic of plasma is that a large number of discreet
electrostatic and electromagnetic wave modes can exist in it. The propaga-
tion characteristics of a wave can be described by its dispersion relation, giv-
ing the relationship between the wave frequency ω and the wavenumber k,
and its polarization. An understanding of waves and the interactions between
waves and particles can be used to understand the dynamics and behavior of
a plasma.

Since plasma consists of a highly ionized gas it requires very high temperature
or pressure and consequently it only occurs naturally on the surface of the
Earth during sporadic events such as in a lighting strike or in very hot flames.
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2 CHAPTER 1. INTRODUCTION

There are different alternatives to observe and study a plasma. It can be ob-
served in-situ in space, using satellites, a plasma can be generated in a plasma
laboratory, or one can study the ionospheric plasma, the closest, continuously
existing natural plasma to Earth. The ionosphere plays an important role in
communication systems, Earth observation and space physics. It can easily
be observed through both ground-based and in-situ instrumentation and ob-
servations, like radars, radio antennas, imaging, rockets and satellites. One
method to actively research the ionospheric plasma is through modification
experiments. This is done by transmitting high power, high frequency (HF)
radio waves into the ionosphere, modifying its plasma and observing the in-
duced changes with auxiliary instrumentation. By adjusting the parameters
of the transmitted wave it is possible to study the wave-plasma interactions
through systematic, controlled and repeatable experiments. Since the acci-
dental discovery of this possibility (Tellegen, 1933), a variety of plasma phe-
nomena and effects have been investigated and radio waves have been cen-
tral in probing and studying natural plasmas in the Earth’s atmosphere and
the near-Earth space ever since.

This thesis is concerned with a specific phenomenon that can be observed
during ionospheric modification experiments, when the transmitted radio
wave frequency is lower than the maximum plasma frequency in the iono-
sphere. Generally, high-frequency modification waves transmitted into the
ionosphere in the direction anti-parallel to the Earth’s magnetic field, are re-
flected at the cutoff altitude, which depends on the polarization and frequency
of the transmitted wave. Only a few instances of waves propagating beyond
this cutoff altitude have be sporadically observed in the past. Here, system-
atically recurring observations of transionospheric wave propagation are pre-
sented. An extensive analysis and discussion of all observations and the condi-
tions and characteristics for this phenomenon are studied in detail. The phys-
ical background is explained and a plausible development of the propagation
process is established in this thesis and the accompanying papers. These find-
ings are important since a comprehensive understanding of electromagnetic
wave-plasma interactions are central in plasma dynamics and thus in under-
standing the near-Earth space and how Earth is coupled to it. Further, radio
wave propagation in ionospheres is essential for communication and naviga-
tion systems, both on Earth and increasingly in space based infrastructure as
human activity in space and on other planets in our solar system increases.

About this thesis
To discuss transionospheric radio wave propagation in the ionosphere, which
is the central topic of this thesis, and to understand the analyses of the exper-
imental results, some background knowledge is required. In the first part of
Chapter 2, some fundamentals of space plasma physics are introduced, while
the second part briefly describes the connection between the plasmas in the
near-Earth space and the Earth’s ionosphere, thus establishing our connection
to space.



3

The radar techniques and instrumentation used for the experiments forming
the basis of this thesis are described in Chapter 3. In the first part, the discov-
ery and early development of the incoherent scatter radar is given, followed by
an introduction of the theory and facilities used. The second part introduces
the historical background, the facility used for this thesis and the underlying
technique and physics of ionospheric modification experiments. The effects
and phenomena specially relevant to the results of this thesis, as well as some
of the most recent theoretical and experimental results, are summarized to-
ward the end of this chapter.

Chapter 4 discusses the theory of transionospheric wave propagation in de-
tail. The different, relevant, plasma wave modes and their dispersion relation
are shown and their propagation and interaction in a plasma are considered.
Different mechanisms proposed for transionospheric radio wave propagation
are introduced, focusing particularly on L mode propagation through density
striations in the plasma. In the last part of this chapter, past observations and
the new observations forming the basis of this thesis are summarized.

A technique for obtaining a high-accuracy estimate of the electron density
profile from the plasma line spectra of the incoherent scatter radar measure-
ments is described in Chapter 5. A step-by-step explanation is given and the re-
sults are compared to the typical electron density measurements as obtained
from the ion line spectra.

Chapter 6 summarizes the findings and key points of the thesis and gives some
suggestions for future research and experimental work.

The reader should be aware that the notation in the different chapters varies
slightly. The standard notation for the respective fields of research that the
different chapters discuss is used, meaning that in Chapter 2 and 4 the an-
gular frequency ω will be used to describe any wave frequency, rather than
frequency f which is used in Chapter 3 and 5. However, ω and f are easily
related by ω = 2πf , and any subscripts or definitions given in one notation are
valid also for the other.





Chapter 2

Plasma and space physics

The fundamental connection between plasma physics and space researchwas
gradually recognized as studies from separate branchesmerged to formwhat
is now known as space plasma physics.

Before the era of spaceflight, with rockets and satellites making in-situ mea-
surements in space, observations were limited to ground-based measure-
ments. Some of the earliest studies that can be categorized as scientific came
with the invention of the compass. In the 16th and 17th century the Earth’s
magnetic field was first described and it was discovered to be variable and
dynamic. The term ”Magnetische Ungewitter”, or ”magnetic storms”, describ-
ing periods of large, prolonged disturbances to the Earth’s magnetic field, and
variations of which are still in use today, was identified and named by Alexan-
der von Humboldt (1808). In 1839, Carl Friedrich Gauss showed that a part of
the magnetic disturbance was not intrinsic to the Earth, but originated from
the upper atmosphere (Gauss, 1839). A few years later the relation between
the solar sunspot cycle and solar flares and an increase in magnetic distur-
bance was discovered by Carrington (1859).

During this period the aurora borealis, or northern lights, were studied in par-
allel, as an entirely separate field of research. In 1741 Olof Hjorter and Anders
Celsius discovered that strong auroral displays are connected to strong mag-
netic disturbances and thus the two fields of researchmerged (Collinder, 1970;
Prölss, 2004). The connection between the auroral events and charged parti-
cles originating from solar flares at the Sun was first suggested by Birkeland
(1908). Birkeland proposed that a horizontal current system in the upper at-
mosphere is related to the aurora and that this is coupled to currents along
the magnetic field of the Earth, allowing for charged particles to reach the at-
mosphere.

The existence of the ionosphere, a conducting layer in the atmosphere, con-
sisting of an ionized gas, was suggested by Kennelly (1902) and Heaviside
(1902) following the first ever transatlantic radio transmission by Marconi
(1901). This was experimentally confirmed by Appleton and Barnett (1925)
and Breit and Tuve (1926). Correlations between the magnetic storms and
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6 CHAPTER 2. PLASMA AND SPACE PHYSICS

variations in the ionosphere were soon made. Thus, studies of the upper at-
mosphere and ionosphere were firmly coupled to research of the near-Earth
space and the Sun, and the importance of charged particles in this system
was established. The extent of this importance became especially clear when
Biermann (1951) proposed that the interplanetary space is not a vacuum with
intermittently emitted streams of charged particles from the Sun, but rather
that a continuous plasma flow is streaming outward from it, in all directions
at supersonic speed.

The physics of the Sun, Earth’s magnetosphere and ionosphere, their coupling
and the role of plasma in this system, have since been studied extensively,
both through ground based observations and in-situ with the advent of the
space flight era. This branch in geophysics is termed space plasma physics
and knowledge of plasma physics is necessary to understand phenomena and
dynamics of the near-Earth space.

In the first part of this chapter, the basics of space plasma physics are intro-
duced. The second part of this chapter introduces the plasma flow in the near-
Earth space system briefly before focusing on the Earth’s upper polar iono-
sphere, where the research in this thesis is focused. Multiple comprehensive
books have been written on these subjects, including thorough introductions
and derivations of the concepts only mentioned here. Some worth mention-
ing are Baumjohann and Treumann (2012), Chen (1983), Bittencourt (2013)
and Prölss (2004). The basic principles and concepts outlined in this chapter
can be found in any one of these and so no further explicit citations will be
given in this chapter, unless necessary for some specific content.

2.1 Basic space plasma physics
The basic concepts of space plasma physics that are important to this thesis
are outlined in this section. The definition of a plasma is given and its fun-
damental properties are outlined. The motion of plasma under the influence
of electric and magnetic fields is described briefly and plasma waves are in-
troduced, establishing the background for later chapters and the topic of this
thesis.

Plasma properties
A plasma is a gas consisting of charged particles. However, a small degree of
ionization may exist in any gas so to be considered a plasma it should also be
quasi-neutral and display collective behavior. Themeaning of this is explained
as follows. A plasma is quasi-neutral or macroscopically neutral when it con-
sists of approximately an equal number of positive and negative charges. Lo-
cal deviations from this charge neutrality can occur. These are usually small in
amplitude and short-lived since a charge imbalancewill generate electric fields
in the plasma, that act to restore the charge neutrality. Particles in a plasma
are ”free”, meaning that the average potential energy of one particle, due to its
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nearest neighbor, is much smaller than its random kinetic energy, Ekin > Eϕ.
In a collisionless plasma, the long-range, macroscopic Coulomb forces thus
dominate over the Coulomb forces between neighbors. The result is that a
plasma moves collectively. Since the kinetic energy (thermal energy) of the
particles is large enough to overcome the electrostatic forces to their neigh-
bors, a plasma is typically hot and as the ionization of atoms and molecules
happens at varying temperatures1, at approximately a few thousand Kelvin, it
is often called ”the fourth state of matter”.

Debye shielding

The distance at which the random kinetic energy of a particle and its elec-
trostatic energy due to neighboring particles are equal, is called the Debye
length. Thus, it is a measure of the sphere of influence of electrostatic po-
tential around a given particle. It is given by:

λD =

(
ϵ0kBTe

neq2

)2

(2.1)

where Te is the electron temperature, kB is the Boltzman constant, q is the
particle charge, ne is the electron density of the plasma and ϵ0 is the free space
permittivity. This means that if a positive test charge q, like an ion, is inserted
into a quasi-neutral plasma, its electrostatic potential will be counterbalanced
by the electrons in the plasma, that are temporarily in the vicinity of the charge,
forming a shielding cloud around it. This collective behavior of the particles
maintains the charge neutrality and the plasma appears electrically neutral at
distances greater than λD.

The collective behavior leads to two necessary requirements for a plasma.
Firstly, the characteristic dimensions of the plasma system, L, must be large
compared to the Debye length, L ≫ λD. This is known as the first plasma
criterion. Secondly, there must be enough particles in the Debye sphere to ef-
ficiently shield the electrostatic potential. The number of particles in a Debye
sphere is ND = 4π

3
neλ

3
D and accordingly the second plasma criterion is given

by neλ
3
D ≫ 1.

In partially ionized plasmas like that of the ionosphere, a third criterion arises.
The average time between collisions of electrons and neutrals, τn, must be

1The temperature of the plasma can be somewhat counter intuitive in itself. As the
charged particles in the plasma are collisionless, that is elastic collisions between electrons
and ions are almost perfectly energy conserving due to their great difference in mass, ions
and electrons can have different temperatures. That is, a plasma may have multiple temper-
atures. Further, since charged particles are affected by magnetic fields, a plasma species can
have different temperatures in different directions to B. Additionally, as the density of a typ-
ical plasma is very low and has a very low heat capacity, it may have a temperature of many
thousand Kelvin, but contain relatively little energy or ”does not feel hot”. This is one of the
reasons for why the ionospheric heating experiments, introduced in Chapter 3.2, are slightly
misnamed.
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much larger than the reciprocal of the typical plasma oscillation frequency, ωP

(see Equation 2.8). This means that if the motion of the charged particles in
a weakly-ionized gas is controlled by hydrodynamic forces and the collisions,
rather than the electromagnetic forces, it is not a plasma. This is quantified by
the requirement that ωP τn ≫ 1.

Plasma motion
The motion of a plasma is influenced by forces from electric and magnetic
fields, E and B. While the dynamics of each charged particle are dominated
by forces from electric and magnetic fields, they are simultaneously also a
source of electric and magnetic fields. The relation between charged parti-
cles and fields, and the spatiotemporal variations of the coupling between the
electromagnetic fields, are given by Maxwell’s equations:

∇× B = µ0j+ ϵ0µ0
∂E
∂t

∇× E = −∂B
∂t

∇ · B = 0

∇ · E =
ρ

ϵ0

(2.2)

where j is the electric current density, ϵ0 and µ0 are the vacuum permittivity
and susceptibility, respectively, and ρ is the electric space charge density. By
introducing a linear wave disturbance and determining solutions of Maxwell’s
equations, one can find expressions for a general plasma wave equation and
its dispersion relation.

Single particle motion

Describing the motion of a plasma can be done through several different ap-
proaches depending on the state of the plasma. In very low density plasmas
with prescribed, strong E and B fields, only the motion of the individual parti-
cles needs to be considered. This microscopic approach gives some insight to
the dynamic processes in a plasma. It does not describe the collective behav-
ior of the plasma, but some components of microscopic single particle motion
contributes to important macroscopic effects in the collective plasma behav-
ior. One example that is specially relevant for the this thesis is the gyromotion
of particles.

The equation of motion for a charged particle q can be written as

m
dv
dt

= q(E+ v× B) (2.3)
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wherem is the particlemass and v is its velocity. Assuming a uniformmagnetic
field B = Bẑ and E = 0, one can solve for the particle motion in the x, y-plane.
The velocity components are

v̈x = −ω2
Gvx

v̈x = −ω2
Gvy

(2.4)

where ωG is the gyro frequency or cyclotron frequency.

ωG =
qB

m
(2.5)

These equations describe the circular motion of the particles around the
magnetic field with the direction of the motion dependent on the sign of
the charge. The electrons gyrate right-handedly while the ions gyrate left-
handedly. Both the gyro frequency and the gyro radius, given by r = mv/|q|B,
depend on the particle mass and charge, and therefore the gyro motion for
electrons and ions differs. The electron gyro frequency is important for high
frequency wave propagation in magnetized plasma. Because the direction of
gyration is opposite for electrons and ions it affects waves of different polar-
ization differently, as will be discussed in the next section and in Chapter 4.
Somewhat surprisingly, it also shows to be relevant for the observations pre-
sented in Paper I and II.

Collective motion of a plasma

When considering a plasmawith a large number of particles and varying E and
B fields, the single particle approach is not efficient. If the individual particles
are neglected and only their distribution function is considered, one can use a
statistical approach using kinetic theory to describe macroscopic plasma phe-
nomena and calculate the average motion of a large number of particles. This
can be further approximated if one does not need to know the evolution of the
distribution functions, but is only interested in the spatiotemporal change of
the macroscopic plasma parameters like density, velocity and temperatures.
The plasma can then be treated as a fluid and equations for electrically con-
ducting fluids can be found. For a plasma containing different particle species,
or more precisely, if the species in a plasma have different distribution func-
tions (in equilibrium), the multi-fluid theory equations are as follows.

The continuity equation of species s in the plasma is given by

∂ns

∂t
+∇ · (nsvs) = 0 (2.6)

where ns is the number density and the subscript s indicates the species. The
physical interpretation of this equation is that, if no particles are added or re-
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moved from the species through some interaction process, the number den-
sity, mass and the charge density are conserved.

The equation of motion or momentum equation of the plasma is given by

∂nsvs

∂t
+∇ · (nsvsvs) +

1

ms

∇ · Ps −
qs
ms

ns(E+ vs × B) = 0 (2.7)

where Ps andms are the fluid pressure tensor and the mass of the species, re-
spectively. This equation relates the fluid velocity to the density and the elec-
tromagnetic forces acting on a given fluid element. In fact, one can recognize
this equation as the Navier-Stokes equation from conventional hydrodynam-
ics, but additionally including the Lorenz force (E + vs × B). The Lorenz force
relates the plasma fluid to the full set of electromagnetic equations acting on
the fluid. Its appearance also couples all fluid components together as the E
and B fields act on all components, while simultaneously all components con-
tribute to E and B.

These two equations contain three unknowns, ns, vs and Ps. To solve these
one can either derive the Energy equation, the next higher order moment of
the fluid equations for a plasma introduced above, introducing yet another un-
known, or one can obtain a closed system ofmacroscopic transport equations
by making assumptions about one of the unknown variables2. The simplest
assumption is that of an equation of state for the fluid pressure tensor, implying
that the plasma is in thermodynamic equilibrium and the thermal fluctuations
of the particles can be neglected. This is called the cold plasma approximation
and the specific form of the equation of state depends on the assumptions
made about a given plasma species. The equation of state relates the pres-
sure and density of a plasma species, depending on if the plasma evolves, for
example, isothermally, adiabatically or anisotropically. In that case the pres-
sure tensor Ps in Equation 2.7 degenerates to the scalar pressure ps and the
appropriate equation for it, and together with Equation 2.6 this forms a closed
system of equations for the macroscopic transport of a plasma species.

Waves in plasma
Waves and periodic effects play an important role in plasma physics and a vari-
ety of wave phenomena exist. Aminimum amount of fluctuations always exist
in a plasma in thermal equilibrium, and the amount of fluctuations depends
on the temperatures of the plasma. When the plasma is disturbed by some ex-
ternal force, the energy of the disturbance will propagate through the plasma
in the form of waves superposed on the thermal fluctuations. As for pressure
waves in neutral gas, the restoring force is the change in pressure from den-
sity disturbances. In addition the restoring force in plasma waves may include
the electric and magnetic forces. Plasma waves can be generated at a large

2Depending on the level of detail needed, the system of equations may be truncated at
any next, higher order equation by making some appropriate assumptions.
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range of frequencies from several millihertz to tens of kilohertz. However,
they do not occur continuously. There are a finite number of wavemodes that
can propagate in a plasma. These are found by solving the plasma fluid and
Maxwell equations introduced above, for small fluctuations and perturbations
in a plasma. In this section the fundamental electrostatic and electromagnetic
wave modes relevant to this thesis are introduced.

Electrostatic waves

There are two electrostatic waves that can propagate in a plasma that are spe-
cially important for the topic of this thesis. The first are internal plasma oscil-
lations that are a specific property of the plasma. Considering a quasi-neutral
plasma that is slightly disturbed, either by external forces or simply by fluctua-
tions in the particle density distribution, the electronswill accelerate to restore
charge neutrality. Due to their inertia, they will overshoot their original posi-
tion however. The result is a high frequency oscillation around the heavier
ions, which can be treated as stationary at these high frequencies. This char-
acteristic oscillation is know as the plasma frequency and is given by

ωP =

√
neq2

meϵ0
(2.8)

These plasma oscillations will propagate in the plasma due to their initial ther-
mal motion. The resulting waves are high frequency, electrostatic Langmuir
waves. Their dispersion relation, found by linearizing the solution of the fluid
and Maxwells equations for a small perturbation and solving for ω is

ω2 = ω2
P +

3

2
k2v2the (2.9)

where k is the wavenumber and vthe is the electron thermal velocity vthe =√
2kBTe

me
.

The second fundamental electrostatic wave is the ion-acoustic wave. The dis-
persion relation for the ion acoustic waves is found in the same way as before,
but including the motion of the ions. It is given by

ω2 =
k2c2ia

1 + γek2λ2
D

(2.10)

where γe is the specific heat index. The ion-acoustic wave speed cia, is given
by

cia =

√
γekBTe

mi

(2.11)
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For small k, or long wavelengths, this becomes a linear expression

ω2 ≃ k2c2ia (2.12)

which is analogous to sound waves in a gas consisting of pure density fluctua-
tions. For very short wavelengths approaching theDebye length, the character
of the sound wave is lost and the wave frequency approaches that of the ion
plasma frequency

ωI =

√
niq2

miϵ0
(2.13)

Electromagnetic waves

A large, finite number of electromagnetic waves can propagate in a plasma.
The interactions between the wave perturbation and the ambient fields is
more complex for electromagnetic waves and the dispersion relations of the
possible wave modes depend on the direction of propagation relative to the
ambient magnetic field, B0. The direction of wave propagation is given by the
wave vector k = kk̂, where k is the wavenumber as before. Here, the limiting
cases of perpendicular propagation, k ⊥ B0, and parallel propagation, k ∥ B0,
for the relevant wave modes in this thesis are given, while propagation at ar-
bitrary angles and changes in the direction of propagation are discussed in
detail in Chapter 4.

There are two important electromagnetic wave modes that propagate per-
pendicular to the magnetic field, k ⊥ B0. The first is known as the ordinary or
O-mode wave, where the wave electric field, E1, is parallel to B0. Its dispersion
relation is given by

ω2 = ω2
P + c2k2 (2.14)

where c is the speed of light. It has the same dispersion relation as an elec-
tromagnetic wave in an unmagnetized plasma and, thus propagates as if it is
not affected by the ambient magnetic field. When this wave is propagating in
a vacuum rather than a plasma (ωP → 0) it is the usual free space electromag-
netic wave. The O-mode wave is linearly polarized as E1 is always parallel to
B0.

The second electromagnetic wave where k ⊥ B0 is the extraordinary or X-
mode wave. Here, E1 is not parallel to B0, but lies in the plane perpendicular
to B0. Its dispersion relation is given by

c2k2

ω2
= 1− ω2

P

ω2

ω2 − ω2
P

ω2 − ωUH

(2.15)
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where

ω2
UH = ω2

G + ω2
P (2.16)

is the upper hybrid frequency. This wave is partly transverse and partly longi-
tudinal. The X-mode wave has two separate branches, sometimes referred to
as the ”slow” and the ”fast” X mode. In Chapter 4 it will be shown that the fast
X mode is generally in a right-handed (RH) polarization, while the slow Xmode
is generally in a left-handed (LH) polarization. In the rest of this thesis, the
terms RH X mode and LH X mode will be used interchangeably with the terms
”fast” X mode and ”slow” X mode, respectively, for the two branches.

For waves propagating parallel to the magnetic field, k ∥ B0, there are three
important wavemodes. As for perpendicular wave propagation, the first wave
mode is that where E1 ∥ B0. This wave is the same as the electrostatic wave of
the plasma oscillations in a cold plasma, with the dispersion relation given by
ω2 = ω2

P (see Equation 2.9).

The second and third important wave modes are the two possible solutions
to the dispersion relation where E1 ⊥ B0.

These are the R-mode wave given by

c2k2

ω2
= 1− ω2

P/ω
2

1− (ωG/ω)
(2.17)

and the L-mode wave given by

c2k2

ω2
= 1− ω2

P/ω
2

1 + (ωG/ω)
(2.18)

Both wave modes are circularly polarized with ”R” and ”L” indicating a right-
hand and left-hand circular polarization, respectively.

Plasma wave cutoffs and resonances

As a wave propagates through a plasma, its wavelength, direction and ampli-
tude may change depending on changes in the plasma density and electron
gyro frequency. If the wave approaches a region in the plasma where the
cutoff frequency is close to the wave frequency, the wave can not propagate
beyond this point and is generally reflected here. A cutoff is encountered at
the frequency at which k → 0 and λ → ∞. Similarly, a wave experiences a
resonance when k → ∞ and λ → 0, and here the wave energy is generally
absorbed.

The O-mode wave has a cutoff when

ω = ωP (2.19)
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The RH X-mode branch of the perpendicular propagating wave and the R-
mode wave both have a cutoff when

ωR−cut =
1

2
(ωG +

√
ω2
G + 4ω2

P ) (2.20)

while the LH X-mode branch of the perpendicular propagating wave and the
L-mode wave both have a cutoff when

ωL−cut =
1

2
(−ωG +

√
ω2
G + 4ω2

P ) (2.21)

The LH X-mode wave has a resonance when ω = ωUH .

The dispersion curves for all wave modes mentioned in the above are indi-
cated in Figure 4.1 in Chapter 4. Themost relevantwavemodes have only been
briefly introduced here. They are further discussed in detail in Chapter 4, and
the significance of their polarization, the cutoff frequencies and their impact
on wave propagation in a plasma is the topic of that Chapter.
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2.2 Plasma in the near-Earth space
In near-Earth space, comprising the inner solar system, including the Sun, the
solar wind, Earth’s magnetosphere and ionosphere, plasma is the dominant
state of matter. The plasmas’ density and temperature varies by many orders
of magnitude in the different regions. How they are coupled, the dynamics
of the interaction between the different populations and the different envi-
ronments and where they exist, form the fundamental questions of space re-
search. In this section the geophysical background is presented to define the
relevant parameters and concepts for this thesis. The coupling of the Sun, so-
lar wind and Earth’s magnetosphere is briefly introduced before focusing on
the upper polar ionosphere, where the phenomena central to this thesis oc-
cur. For a comprehensive introduction to the concepts and phenomena men-
tioned here some alternatives include (but are not limited to) the books by
Baumjohann and Treumann (2012); Kelley (2009); Russell et al. (2016); Spohn
et al. (2014) and Prölss (2004).

The Sun, solar wind and Earth’s magnetosphere
The Sun, located approximately 1.496×108 km from Earth at the center of our
solar system, with a core estimated to have a temperature around 15×106 K,
plays a central role in all aspects of space physics. Electromagnetic radiation
is constantly emitted from the Sun in a broad range of wavelengths. Addition-
ally, a continuous stream of hot plasma, called the solar wind, is emitted from
the Sun’s corona, its upper atmosphere, consisting of a fully ionized hydro-
gen and helium plasma. The solar wind is highly variable in space and time
with an average speed of ∼500 km/s, although it may vary from 300km/s up
to 800 km/s during events of increased solar activity (Russell et al., 2016). As
the highly conductive plasma expands outward continuously, the temperature
and density decrease. At the distance of Earth the typical density and temper-
ature of the solar wind is approximately ne = 8.7 cm−3 and Te = 1.4 × 105 K,
respectively. The magnetic field of the Sun is ”frozen in” to the particle stream
and drawn outward, extending the magnetic field originating at the Sun and
forming the interplanetary magnetic field (IMF). The Sun, and thus its entire
magnetic field, rotates with a period of 27 days, switching polarity with the 11
year solar cycle. The general direction of the IMF is toward and away from
the Sun, above and below the heliospheric current sheet (HCS) indicated by
the green line in Figure 2.1, where a schematic of the solar magnetic field is
shown. Close to Earth the IMF alternates depending on whether it is above
or below the current sheet. As the Sun’s magnetic field changes in polarity,
and the solar radiation changes as well as the ejection of plasma particles and
number and size of sunspots, the IMF also varies significantly.

The Earth’s magnetic field is generated by processes in its interior and to a
first order it can be approximated by a dipole field. The dipole axis is tilted
relative to the Earth’s rotational axis by ∼10◦ and currently the magnetic pole
in the northern hemisphere is located toward Russia. This dipole field is im-
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Figure 2.1: The shape and structure of the steady-state solar magnetic field. Regions
of opposite magnetic polarity are indicated by red and blue lines. These are sepa-
rated by the heliospheric current sheet indicated by the green lines. The Earth’s orbit
around the Sun, at a distance of 1AU, is also indicated. Figure adapted from (Owens
and Forsyth, 2013, Fig. 1).

mersed in the solar wind flow, forming a cavity in the IMF, and as a result the
shape of the magnetosphere is greatly affected. A sketch of the cross section
of the magnetosphere is shown in Figure 2.2. The pressure from the solar
wind compresses the magnetosphere on the dayside and stretches it out sev-
eral hundred Earth radii on the nightside. The distortion of the magnetic field
is associated with large-scale electric currents in the magnetosphere, trans-
porting mass, charge, momentum and energy. Generally these currents can
be classified into two groups, magnetic field aligned currents and currents per-
pendicular to the magnetic field. The magnetic field aligned currents connect
the magnetospheric currents to the ionospheric currents. These can be en-
hanced and additional currents can be induced in the polar regions during
different dynamic solar wind and IMF conditions, allowing plasma in the mag-
netosphere to precipitate into the ionosphere. The plasma inside the magne-
tosphere consists mostly of electrons and protons, distributed in regions with
varying densities and energy distributions.

For certain configurations of the IMF, the solar wind can couple to the Earth’s
magnetic field and plasma populations originating from the Sun can enter the
magnetosphere. Kristian Birkeland was the first to suggest that the visible
phenomena known as aurora in the polar regions, were coupled to particles
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Figure 2.2: Conceptual schematic of the Earth’s magnetosphere and the magneto-
spheric convection and reconnection transporting plasma from the solar wind into
the Earth’s magnetosphere, effectively connecting the solar wind to the Earth’s iono-
sphere. Orange and yellow arrows indicate the solar wind plasma and magneto-
spheric plasma convection, respectively. The auroral zones in the northern and south-
ern hemisphere, where the plasma may be accelerated into the ionosphere and gen-
erate the aurora, are indicated in green. [Not to scale]

originating from the Sun. The dominant parameter coupling the two is the di-
rection of the IMF.When andwhere the IMF is approximately antiparallel to the
Earth’s magnetic field, the two separated magnetic fields can couple through
a process called magnetic reconnection and change the topology of the mag-
netic fields. This is illustrated in Figure 2.2 where the Earth’s magnetic field
is indicated in black while the IMF is shown in red. When the magnetic field
of the IMF and the closed magnetic field of the Earth reconnect and merge at
the dayside, the Earth’s magnetic field is essentially open to the solar wind.
The plasma transported in the IMF from the Sun can thus penetrate into the
magnetosphere along the newly connected magnetospheric field here. In Fig-
ure 2.2 the plasma flow is indicated by the orange and yellow arrows. Due to
the momentum of the solar wind the plasma and thus magnetic field is trans-
ported toward the nightside and it is this process that forms the tail of the
magnetosphere. In the tail, magnetic reconnection can occur again, as addi-
tional energy and magnetic flux is added to the magnetotail. The plasma flow
splits and the magnetic field of Earth and the IMF will close. The magnetic ten-
sion in the stretched and newly closed field will relax and transport the frozen
in plasma with it, toward Earth. This conceptual picture of the magnetic and
plasma convection is known as the Dungey cycle, after Dungey (1961), and it
effectively connects the IMF to the Earth’s magnetosphere and ionosphere.

On Earth, the region of open field lines in the northern and southern hemi-
spheres are known as polar cap regions. In Figure 2.2, this is the region pole-
ward of the auroral ovals. The auroral oval is the region where the solar
wind plasma that has entered the magnetosphere, becomes energized and
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can enter the ionoshpere and excite the aurora. It is an oval shaped region,
somewhat compressed on the dayside and streched out on the nightside iono-
sphere. The term polar ionosphere commonly refers to the auroral oval and
polar cap regions. All EISCAT radars (see Chapter 3.1) are located under the
polar ionosphere, ideal for studies of its dynamics and processes.

The polar ionosphere
The ionosphere is the ionized component of the upper atmosphere and thus
the transition region between the fully ionized plasma in the magnetosphere
and the neutral atmosphere. It is not a sharp boundary but a stratified layer
with different plasma densities, ion compositions, temperatures and degrees
of ionization. It enables the flow of electric currents, thus leading to mag-
netic field perturbations and electrodynamic heating effects, and it modifies
the propagation characteristics of electromagnetic waves. It is formed by
ionization of the neutral atmosphere and can stretch from ∼60 km to above
1000 km, depending on the variations in solar radiation, magnetospheric con-
ditions and the recombination of charged particles.

Formation

There are two main processes that ionize the neutral atmosphere. The dom-
inant process is photoionization by solar ultraviolet (UV), extreme ultraviolet
(EUV) and X-ray radiation. Incident photons, with higher energies than the ion-
ization energy of the atmospheric atoms and molecules, are absorbed by the
neutral gases, producing electron-ion pairs. Because of this absorption, the
photons are lost with increasing depth (decreasing altitude). Additionally, the
neutral density increases with decreasing altitude. As a result, there is a peak
of ionization depending greatly on both the energy spectrum of the incident
radiation and the altitude variations of the constituents of the neutral atmo-
sphere. The solar radiation varies with the day-night, seasonal and solar cycle,
while the atmospheric constituents vary primarily with altitude.

The second prominent ionization process is the impact of precipitating parti-
cles. As briefly introduced in the previous section, plasma particles from the
solar wind can enter the magnetosphere. Plasma particles with a range of en-
ergies precipitate along the magnetic field and into the upper atmosphere in
the auroral oval and polar cap. The ionization from these is mainly due to col-
lisions. A given incident particle will loose energy for every electron-ion pair
it creates through collisions. Thus, higher energy particles can produce more
ionization and penetrate deeper into the atmosphere and cause ionization at
lower altitudes. Precipitating particles not only add charged particles to the
upper atmosphere and cause ionization, but are also responsible for the au-
rora. As the precipitating particles collide with neutrals in the atmosphere a
fraction of the particles are excited. When the excited particles return to their
ground energy state the excess energy is released as radiation at discreet, vis-
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ible, UV and infrared wavelengths, depending on the type of the excited atom
or molecule.

The ionization of the upper atmosphere would continue until it is fully ionized
if it were not counteracted. There are twomain processes that limit the ioniza-
tion and hence an equilibrium exists and large daily, seasonal and solar cycle
variations are observed. The first is recombination of electrons andmolecular
ions producing neutral atoms. At F region altitudes the recombination is a two
stage process, where O+ charge exchanges with O2, producing O+

2 molecular
ions, and then rapidly recombines with electrons, resulting in 2 O atoms. The
second is attachment of electrons to atoms to form negative ions. Recombi-
nation of electrons and molecular ions is proportional to the square of the
electron density, while attachment of electrons to atoms is a linear process
proportional to the number of available electrons to attach to neutral parti-
cles. At high altitudes the reattachment process dominates, while lower in the
ionosphere the recombination of electron-molecular ion pairs is the dominant
process.

Figure 2.3: Typical altitude profiles for the electron density (left) and temperature
(right) during spring. The electron densities are shown for one solarmaximum (green)
and one solarminimum (purple) year. Temperature variations are not as pronounced
as density variations, so only one set of typical daytime values is shown. Values are
calculated for the high latitude ionosphere over Tromsø, Norway, using the Interna-
tional Reference Ionosphere model (IRI).

Density, temperature and composition

The processes in the magnetosphere, the solar radiation and particle precipi-
tation and recombination all contribute to the density and temperature varia-
tions in the ionosphere. Figure 2.3 shows typical spring values for the electron
density (left panel) during daytime and nighttime for Solar maximum and So-
lar minimum years, and the altitude profile of the atmospheric temperatures
(right panel) in the ionosphere above Tromsø, Norway. These variations are
largely predictable as solar radiation is the dominant ionization process.
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The ion composition varies with altitude and is largely determined by the com-
position of the neutral atmosphere. Naturally, heavier molecular ions are
found at lower altitudes while lighter atomic ions are found at higher altitudes.
The varying electron density and ion composition results in a layered structure
in the ionosphere. These layers do not have defined sharp boundaries and are
commonly referred to as ionospheric regions. The D-region is the lowest layer
and it is highly variable due to the large number of different species and high
density in this region. The dominating ion species here are NO+ and O+

2 and
the region can extend from as low as∼60 km to∼90 km. The E-region extends
from ∼90 km to ∼160 km and is also mainly composed of NO+ and O+

2 . Ion-
ization in these two regions is mainly from solar X-rays, UV radiation and high
energy particle precipitation in the high latitude regions. As solar radiation is
the dominating factor it commonly disappears at night if there is no particle
precipitation to sustain it.

The F region is the region of the ionosphere that contains the bulk of the elec-
tron density. It stretches from ∼160 km to 500-600 km. The main ion species
here isO+ resulting fromphoto-ionization ofO. During daytime atmid and low
latitudes, the F-region is commonly split in two parts, the F1 and F2 regions. At
high latitudes the lower F1 region is only observed occasionally. The electron
density peak is found in the F-region and the related plasma frequency peak
is commonly denoted fOF2 regardless of the existence of an F1 region. The
F-region weakens during nighttime but does not disappear completely. Re-
combination in this region is less efficient than at lower altitudes and plasma
convection from the dayside to the nightside ionosphere, associated with the
magnetospheric convection introduced previously, is significant. The research
discussed and presented in this thesis is from this region in the ionosphere.



Chapter 3

Ionospheric modification
experiments

Shortly after the discovery of the ionosphere, Breit and Tuve (1925) developed
the first version of an ionosonde to study it. An ionosonde is a radar consist-
ing of an antenna and a nearby receiver. The transmitted frequency is swept
from typically 1 to 20MHz, in short radio wave pulses. Radio waves are re-
flected in the ionosphere at an altitude where the transmitted frequency is
equal to the ionospheric plasma frequency. From the time delay of the re-
flected signal when it reaches the receiver, the altitude of the reflection layer
for the range of frequencies that were transmitted can be calculated. Since the
plasma frequency is proportional to the square root of the electron density
(see Equation 2.8), it is possible to estimate an altitude profile for the electron
density from the ionosonde measurements. In early studies, this was used to
investigate the ionosphere itself and the effect of charged particles in a mag-
netic field on radio wave propagation. Variations of the electron density with
local time, latitude, solar cycle and season were discovered and theories for
the formation and loss of the plasma were developed.

Advances in ionospheric and space physics were made during the Space Race
between the Soviet Union and the USA. During this time instrumentation for
in-situ measurements, like balloons, rockets and satellites, was developed in
parallel to the continued study of plasma, magnetospheric and atmospheric
physics. A breakthrough came with the development of the incoherent scat-
ter technique by Gordon (1958) and the following pioneering experiment by
Bowles (1958) proving the concept. For the first time, studies of multiple iono-
spheric parameters at altitudes otherwise inaccessible were possible. There
are numerous active incoherent scatter (IS) radars in world and they are an
essential element in space physics research.

The possibility to modify the ionosphere through active experiments was dis-
covered by accident, when the radio program of the powerful Luxembourg ra-
dio station could be heard by a receiver tuned to the frequency of the Beomün-
ster station in Switzerland (Tellegen, 1933). The first intentional modification
experiments were conducted in the Soviet Union. However, these were highly
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classified until 1973, and although the possibility was discoveredmuch earlier,
the first open modification experiments were done in Platteville, Colorado in
1970 (Streltsov et al., 2018). In these experiments a high frequency (HF) ra-
dio wave is transmitted into the ionosphere by a high power radar. The radio
waves affect and are affected by the plasma and a wealth of linear and non-
linear processes occur and can be studied. These experiments are commonly
referred to as ”heating experiments” as HFwaves can enhance the ionospheric
temperature locally. There are currently only three such HF facilities and only
one that is collocated with IS radars.

In this chapter a short introduction the two radar techniques at the center
of this thesis, the IS technique and active HF ionospheric modification, are
given. A comprehensive history of ionospheric physics and research is given
by Rishbeth et al. (1996), while Streltsov et al. (2018) give a comprehensive
review of active HF modification experiments.

3.1 Incoherent scatter technique
Incoherent scatter radars are an important ground-based tool to study iono-
spheric physics. It was first proposed by Gordon (1958) and has since devel-
oped into a large field of research. The historical background is outlined in
the fist part of this section. The second part introduces the incoherent scatter
technique and underlying physics, while the last part focuses on the facility
and its capabilities that is used for the work presented in this thesis.

Historical background
Shortly after the launch of the first Sputnik satellite in October 1957, during
the Space Race, Gordon (1958) first proposed the use of radar systems to
study the ionosphere. He predicted theoretically that scatter from individual
electrons, moving incoherently in the ionosphere can be used to derive the
electron density and temperature as a function of altitude and time. At the
time there where fewmethods for observing the ionosphere as there were no
rockets or satellites and regions above the F-region peak are not accessible by
ionosondes.

The theoretical calculations of Gordon were based on the assumption of
backscatter from completely free electrons in the ionosphere. Further, he
suggested that the electron temperature could be estimated by measuring
the frequency spread or doppler shift of the returned signal as that would be
dependent on the thermal motion of these free electrons. This lead to a size
estimate for a suitable ionospheric radar system with a 300meter diameter
antenna dish and a transmitting frequency around 400MHz.

A few months later, Bowles (1958) verified Gordon’s predictions, making the
first observations of incoherent scatter. An excerpt of his observations are
shown in Figure 3.1. This was done by transmitting a signal with a makeshift
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radar he and his friend built, using an array of 1024 half-wave dipole antennas
and a 41MHz transmitter. The backscattered signal, originating from the day-
time ionosphere, was measured by an oscilloscope and was documented by
taking photographs of superimposed oscilloscope traces of the powerspec-
tra (Farley, 1996). Surprisingly, the experiment showed a frequency spread
smaller by an order of magnitude than Gordon’s predictions from the Doppler
shift of ”free” electrons. This, eventually lead to the realization that the iono-
spheric electrons are not completely free, but theirmotion is governed by elec-
trostatic forces between the ions and electrons.

Figure 3.1: The first incoherent scatter radar observations made by Bowles (1958).
The figures are made by taking photographs of superimposed oscilloscope traces of
the receiver amplitude vs time (range). Figure from (Bowles, 1958, Fig. 1)

Coincidentally, the day Bowlesmade his historic observationswas also the day
that Gordon gave his first formal presentation of his theoretical predictions at
the Union Radio-Scientifique Internationale meeting. After a telephone call
with Bowles early in the day, Gordon then began his talk with this, now well-
know anecdote (Farley, 1996):
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My purpose in speaking today is to tell you about incoherent back
scatter from the ionosphere, and about the possibility of building
a tool to make use of it in studying the ionosphere. And then I
want to tell you about a telephone call that I just had.

Although the original ”free electron” theory by Gordon (1958) was oversimpli-
fied and the scattering is not in fact completely incoherent, this marked the
beginning of what is known as the incoherent scatter (IS) radar technique as a
powerful ground-based diagnostics tool to study near-Earth-space.

The fundamental principle for the incoherent scatter technique is the realiza-
tion that an incident electromagnetic wave on plasma irregularities will scat-
ter and that the scattered wave contains information about the plasma that
can be extracted from the received signal. When the transmitted radar wave
frequency is far above the maximum plasma frequency in the ionosphere,
fradar ≫ fOF2, the wave energy travels almost undisturbed through the iono-
sphere and into space. A small fraction of the wave energy is absorbed and
scattered by ions and electrons in the plasma. These will oscillate at fradar and
emit radiation as small dipoles. As the ions have a much larger mass, their ra-
diation is small compared to that of the electrons and thus their contribution
to the received scattered signal is negligible. The radar scattering cross section
of an individual electron, defined as the projection of a perfectly isotropically
reflecting sphere producing the same electromagnetic signature as an elec-
tron, is on the order of 1.0×10−28m2. With typical radar scattering volumes
and electron densities in the ionosphere, powerful radars capable of detect-
ing a target of a few centimeters in diameter at 300 km distance, are needed.
It was these considerations that prompted Gordon’s suggestion for the very
large antenna. A suggestion that only a few years later resulted in the Arecibo
Observatory. Built in a sinkhole in Puerto Rico in 1963, is was operational for
57 years until it collapsed following a cable failure in December 2020.

After it became clear that the electrons are not completely ”free”, following the
first measurements by Bowles (1958), the existing theory had to be revised.
Several authors (Dougherty and Farley, 1960; Farley et al., 1961; Fejer, 1960;
Hagfors, 1961; Renau, 1960; Rosenbluth and Rostoker, 1962; Salpeter, 1960)
approached this problem independently, using a variety of methods, which
all lead to the same result: For an electrically neutral plasma, the frequency
spread of the observed backscattered spectra corresponds to the thermalmo-
tion of the ions rather than the electrons. Thus, for radar wave lengths that
are much larger than the Debye length (Equation 2.1) the backscattered sig-
nal contains information about both the ions and the electrons. For radar
wavelengths shorter than the Debye length the electrons appear ”free” and
the backscattered signal is truly incoherent and the spectrum will agree with
the predictions by Gordon, containing the electron phase velocity and with a
spectral width corresponding to the thermal velocity distribution of the elec-
trons.
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The revised theory has been successful in quantitatively explaining all obser-
vations and has since been extended to include a wide range of effects, includ-
ing for example unequal ion and electron temperatures and non-Maxwellian
electron and ion velocity distributions. From the power, spectrum and polar-
ization of the returned signal of incoherent scatter radars it is now possible
to determine multiple parameters of the ionospheric plasma, such as plasma
density, electron and ion temperatures, ion composition, relative motion of
electrons and ions and the effects of collisions. Further details of the history,
development and techniques are described in numerous review papers and
books (e.g. Bauer, 1975; Beynon and Williams, 1978; Farley, 1970, 1996; Hun-
sucker, 1991; Rishbeth et al., 1996).

Brief radar theory
The scattering mechanism mentioned above is Thompson scatter by the indi-
vidual electrons. As the lighter electronsmove to preserve the charge neutral-
ity of the plasma, the spectral shape of the scattered signal is determined by
themotion of the heavier ions rather then the electrons. When thewavelength
of the radar, λradar, is much larger than λD, waves are scattered from density
fluctuations in the plasma. Small density fluctuations always exist due to the
thermal motion of the plasma and collectively these give rise to the scattered
signal. The power spectrum of the scattered signal is directly proportional
to the power spectrum of the random thermal electron density fluctuations
in the plasma, where the radar frequency and scattering geometry dictate the
density fluctuations that can be observed. Scattered waves from the electrons
are constructively interfering when the wavelength of the density fluctuations,
Λ, satisfies the Bragg scattering condition:

Λ =
λradar

2 cos θ
where θ is the angle between the incident wave and the scattered wave. The
thermal fluctuations in the plasma are composed of plane waves at all wave
numbers k, in all directions, including waves traveling toward and away from
the radar at a wavelength of Λ = λradar/2. In a monostatic radar systems,
meaning that the transmitter and receiver of the radar are co-located, only
scattering from waves in the radar beam can be detected. In a multistatic
radar system, meaning that there are more than one receiver at different lo-
cations from the transmitter, the plasma motion in different directions can
be observed for the scattering volume where the radar beams intersect. The
discussion and results presented in this thesis consider a monostatic radar
system only.

Several wavemodes exist inherently in the ionospheric plasmadue to the ther-
mal fluctuations. The two modes important for IS radar observations, are
the ion-acoustic waves and electron acoustic or plasma waves. The phase
velocity, νph, of these waves is determined by their dispersion relations (see
Chapter 2.1 and 4.1). The scattered signal from a traveling wave will be
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Doppler shifted from the incident frequency, fradar, depending on the direc-
tion of wave propagation. As a result the scattered signal spectrum contains
four main components, consisting of the upward and downward traveling,
ion acoustic and plasma waves. The Doppler shift for the ion acoustic wave
is fia = ±2νia/λradar = ±νia/Λ and similarly fP = ±2νP/λradar = ±νP/Λ is
the Doppler shift for the plasma wave. Here, νia and νP are the phase ve-
locity of the ion acoustic and plasma waves, respectively, and fP is the plasma
frequency (see Equation 2.8). Figure 3.2 shows a schematic of the scattering
spectrum containing the up- and downshifted, ion (green) and plasma (purple)
lines, as they would appear from a monochromatic, purely sinusoidal density
fluctuation. The actual shape of the signal is spread out in frequency, as illus-
trated by the green and purple curves in the figure. The frequency broadening
and the shape of the spectra depend on the damping of the wave. In steady
state, new thermal waves are continually generated in a plasma and then at-
tenuated mainly through Landau damping and collisional damping depending
on the altitude.

Figure 3.2: Schematic of the general shape of the incoherent scatter spectra of the
ion (green) and plasma (purple) lines. The frequency scale on the horizontal axis is
relative to the radar frequency, fradar. Typically the plasma lines are on the order
of megahertz while the ion lines are typically on the order of tens of kilohertz. The
solid bold lines indicate the appearance of the ion and plasma lines in the absence
of Landau damping, while the curved lines indicate the shape of a typical incoherent
scatter spectrum from the F-region ionosphere. [Not to scale]

Landau damping is collisionless and results from the velocity difference be-
tween particles and waves in the plasma. In a plasma with a Maxwellian ve-
locity distribution, some particles will have velocities very close to the phase
velocity of a wave, andwill interact with it. For these, energywill be transferred
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from one to the other. ”Fast” particles, compared to the wave, will increase the
waves energy and momentum while ”slower” particles will gain energy from
the wave. In a Maxwellian distribution there are more particles with lower
velocities than higher, so that the net result is a damping of the wave. This
leads to a broadening of the frequency spectrum of the scattered signal. For
the ion line from the E and F regions in the ionosphere, the broadening is of-
ten such that the spectra of the up- and downshifted waves overlap and form
the characteristic ”double hump” or ”shoulder” shape, illustrated by the green
line in Figure 3.2. It is not difficult to interpret how for example a change in the
electron temperature would change the shape of the ion line spectrum. For an
increase in electron temperature, Te, it can be seen fromEquation 2.11 that the
ion acoustic wave speed increases. At this new speed, the difference between
the number of fast and slow particles with respect to the wave is smaller, and
the wave damping is reduced. Thus, the peaks of the ion line become sharper.

The plasma line experiences much less damping since plasma waves typically
propagate at much higher phase velocities than the thermal velocity of the
electrons. Therefore, the plasma line has amuch narrower spectrum than the
ion line. In fact, the plasma waves are easily excited or enhanced by for ex-
ample photoelectrons or an influx of energetic precipitating particles from the
magnetosphere, and the plasma line spectrum will typically be enhanced and
remain sharp. When fradar is much greater than λD, the phase velocity of the
plasma wave can be approximated νP = fPΛ and observations of the plasma
line spectrum can be used to calculate the electron density independent of the
ion line observation. A detailed description of this is given in Chapter 5.

Most important parameters of the plasma affect the power spectrum of the
scattered signal, and as a result it contains a wealth of information that can
be extracted through careful analyses. To calculate these, a number of strong
assumptions about the state of the plasma have to bemade and the data pro-
cessing and signal analyses is complex. However, the rewarding outcome is
that the following plasma parameters can be determined in a range of alti-
tudes, along the radar beam:

• Electron density: The electron density, ne, can be determined in three
ways. It is proportional to the total power of the scattered signal (1),
it can be calculated from the Faraday rotation of the signal when B0 is
known (2), and it can be determined from the plasma line (3). When the
plasma line is detectable, this method gives the highest level of accuracy
and precision (see Chapter 5).

• Electron and ion temperature: The temperature ratio, Te/Ti, can be
found from the ratio between the peaks and the trough of the ion line
spectra.

• Ionmass: The ionmass,mi, can be determined from thewidth of the ion
line spectrum by making some assumptions on the temperature. Vice
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versa, if the ion mass can be estimated reliably, one can determine Te

and Ti.

• Plasma drift velocity: The drift velocity of the plasma, vp, can be deter-
mined from the Doppler shift of the whole spectrum. That is, if the ion
line is shifted, but otherwise unchanged from the transmitted frequency,
the line-of-sight velocity from the mean shift can be calculated. The true
drift velocity vector can be found if independent measurements from at
least three directions are combined. For example by using a tri-static
radar system, giving three components of the drift, simultaneously.

• Ion-neutral collision frequency: The Ion-neutral collision frequency,
νin, increases as we move lower in the atmosphere and the neutral den-
sity increases. As Ti decreases and mi increases for lower altitudes, fia
will decrease and the ion acoustic wave will not be able to propagate far.
The two shoulders of the ion line spectrumwill merge andwithmeasure-
ments of the width and shape of this, νin can be determined.

Combining the parameters with measurements from multiple IS radars with
different fradar, models and measurements of the geomagnetic field and the
neutral atmosphere it is possible to derive several other valuable parameters.
The Hall and Pedersen conductivities, the electric field in the ionosphere, cur-
rents parallel and perpendicular to B0, joule heating, themotion of the neutral
atmosphere and the energy spectra of auroral precipitation are some exam-
ples. Radar theory and the accompanying signal processing and analyses is an
active field of study and research in its own right. Further information and de-
tailed descriptions and derivations are given in the book by Nygrén (1996) and
several scientific review papers including Bauer (1975); Beynon and Williams
(1978); Farley (1996); Milla and Kudeki (2011) and Kudeki and Milla (2011).

The EISCAT Radar
There are currently six incoherent scatter radars operational in the high lat-
itude region in the northern hemisphere. RISR-N and RISR-C are two radars
pointing deep into the polar cap region, in Resolute Bay, Canada. The PFISR
radar is located at the Poker Flat Research Range close to Fairbanks, Alaska, in
the auroral zone, participating and supporting rocket launches in addition to
ionospheric studies. All three radars are phased array radars of mobile, mod-
ular building block panels and are part of the Advanced Modular Incoherent
Scatter Radar (AMISR) system. The other three incoherent scatter radars in
the polar region, are all part of the European Incoherent SCATter (EISCAT) sci-
entific Association. The EISCAT Svalbard Radar (ESR) consists of two parabolic
antennas located near Longyearbyen, Svalbard. Its position in this very high
latitude region allows for studies of the cusp region of the low altitude mag-
netosphere. On the Norwegian mainland, the EISCAT UHF and VHF radars are
located in Ramfjordmoen close to Tromsø. There are two additional receiving
antennas located in Kiruna, Sweden and Sodankylä, Finland, for the VHF radar,
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Figure 3.3: Geographic map of the northern polar hemisphere showing the current
incoherent scatter radars in auroral region. AMISR radars (PFISR, RISR-N and RISR-C)
are located in Northern America, while all EISCAT radars are in Northern Scandinavia
and Svalbard. Red dots indicate IS radars with transmit and receive capabilities, while
blue dots show facilities with receive capabilities only. The green star indicates the
main location of the new EISCAT3D radar currently in construction.

and together they form the only tri-static incoherent scatter radar system in
the world. Additionally, EISCAT is planning and currently building a new radar
system, EISCAT3D, that will be located in Skibotn, Norway, which will have ex-
ceptional new capabilities. For this thesis the EISCAT UHF radar has been used
in amonostatic setup to observe the ionosphere duringmultiple experiments.

EISCAT is an international scientific organization operating incoherent and
coherent scatter radars, researching the polar ionosphere and upper atmo-
sphere. The UHF radar was the first to become operational in 1981. It is a
parabolic antenna with a 32-meter diameter dish, fully steerable in azimuth
and elevation, with a theoretical maximumpeak power of 2MWat a frequency
of 930MHz. The direction of the radar beam can thus be changed for different
experiments and can also be run with a scanning pattern, scanning or alter-
nating between directions. An image of the UHF radar antenna is shown in
Figure 3.4. Bymodulating the transmittedwave or the pulse code of the beam,
different range and time resolutions of the scattered signal can be obtained.
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Utilizing a combination of all these options the radar parameters can be cho-
sen and optimized for the phenomena of interest. A description of the pos-
sible experiments and the corresponding radar parameters in given by Tjulin
(2017).

Figure 3.4: The 32-meter diameter dish of the EISCAT UHF radar in Ramfjormoen,
Norway on a sunny winter day.

The scattered power spectrum measured by the EISCAT radars is commonly
analysed using theGrandUnified Incoherent Scatter Design andAnalysis Pack-
age (GUISDAP), a MATLAB package develeoped by Lehtinen and Huuskonen
(1996) and EISCAT for designing and analyzing incoherent scatter measure-
ments. GUISDAP works by fitting a theoretically calculated spectrum to the
measured spectrum and provides the physical plasma parameters in range
and time, making research and analyses of EISCAT data smooth and user-
friendly. All EISCAT data, as well as the GUISDAP software, is freely available
online through the online MADRIGAL database and GitLab, respectively, with
current links foundon the EISCATweb site (EISCAT Scientific Association, 2021).
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3.2 Ionospheric heating in the polar ionosphere
Active ionospheric modification experiments provide the possibility to study
the ionospheric plasma dynamics and processes in controllable and repeat-
able experiments. High-power, high-frequency radio waves are transmitted
into the ionosphere and the effects of this can be observed and studied with
ground-based, in-situ or space-borne instrumentation. The transmitted wave
is commonly referred to as the pump wave, HF wave, heating wave or modi-
fication wave in the literature. In the rest of this thesis these terms are used
interchangeably. The first part of this section is concerned with the historical
background of ionospheric modification experiments . The facilities used for
the experiments central to this thesis are introduced in the second part. The
last part outlines the underlying physics and some of the commonly observed
phenomena, that are specially relevant for this thesis.

Historical background
The discovery that the ionospheric plasma could be modified and possibly
used for scientific research was made by accident. Two standard broadcast-
ing radio stationswere transmitting their radio program simultaneously at two
different locations in Europe. The amplitude modulation of the powerful low-
frequency radio signal from the Luxembourg radio station was impressed on
themedium frequency radio signal from Beromünster in Switzerland. The ob-
servation was made by Tellegen (1933) who noticed an unusual effect while
listening to the radio, which he reported in the Nature journal with the title
Interaction between Radio-Waves?. He stated that:

For the first time on April 10 of this year it was observed at Eind-
hoven, Holland, that when a radio-receiver was tuned to Beromün-
ster (460m), the modulation of the Luxembourg station [1190m]
could be heard on the background to such an intensity that dur-
ing the weak passages of the programme of Beromünster, the pro-
gramme of Luxembourg was heard with an annoying strength.

Within a year, Bailey and Martyn (1934) confirmed this quantitatively and re-
ported their findings in the same journal with the title Interaction of Radio
waves, leaving out the question mark. This became known as the Luxembourg
effect.

Following this discovery, the potential of using radio waves as a means to
modify and study the ionosphere in controlled experiments was recognized
by several scientists in the 1960s (e.g. Farley, 1963; Ginzburg and Gurevich,
1960). The first1 of several dedicated ionospheric modification facilities using
high frequency radio waves, was finally built in 1971 in Plattevile, Colorado,

1Actually the first experiments were conducted in 1961 in the Soviet Union near Moscow,
Russia, but the results remained classified until 1973. (Streltsov et al., 2018)
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USA (Fejer, 1979). Utilizing the ionosphere as a large-scale, wall-less plasma
laboratory, enabling controlled, repeatable experiments in near-Earth-space
has since been an active field of research (e.g. Robinson, 1989; Stubbe and
Hagfors, 1997; Wong and Brandt, 1990, and references therein).

A large variety of ionospheric experiments have beendesigned andperformed
to study a range of phenomena and the mechanisms causing them, including
fundamental properties of the plasma, wave-plasma interactions, properties
of the near-Earth-space and the coupling to the atmosphere and magneto-
sphere system. The last section of this chapter, briefly introduces some of
the important and recent advancements. There are several comprehensive
review articles summarizing the theoretical and experimental findings, for ex-
ample Leyser and Wong (2009); Rietveld et al. (2016); Robinson (1989) and
Streltsov et al. (2018). An historical overview of the early development and
research of ionosphereic modification experiments is given by Gordon and
Duncan (1990).

Currently, there are only three active ionospheric modification facilities. The
Sura facility in Vasilsursk, Russia (Belikovich et al., 2007), the High Frequency
Active Auroral Research Program (HAARP) (Pedersen and Carlson, 2001) in
Gakona, Alaska, and the EISCAT Heating facility (Rietveld et al., 1993, 2016)
in Tromsø, Norway. Of the three, EISCAT Heating is the only one co-located
with IS radars to observe the effects of the transmitted radio waves.

EISCAT Heating
The experiments that form the basis of the this thesis were carried out dur-
ing campaigns at the EISCAT Heating facility, located in Ramfjordmoen near
Tromsø, Norway. An overview of the arrays, control room and transmitter hall
is shown in Figure 3.5. Its location is well within the auroral zone in the north-
ern hemisphere and the angle between the geomagnetic field and zenith is
approximately ∼12◦ here. The facility was built by the Max-Planck-Institut für
Aeronomie in Germany from 1977 to 1980. It is currently the only ionospheric
modification facility that is co-located with incoherent scatter radars. Since its
transfer to EISCAT in 1993, 356 publications have come out of the facility from
a total of 479 (numbers as of April 2021).

EISCAT Heating operates with twelve transmitters capable of generating a to-
tal theoretical effective radiated power (ERP) of 1200MW with a transmitted
frequency, fHF , in the range from 5.05 – 8MHz. There are three crossed dipole
antenna arrays that may be connected to the transmitters depending on the
frequency and antenna gain needed for a specific experiment. The arrays
where originally built to cover the frequency range of 2.75 – 8MHz. In 1985, a
storm damaged Array 1 that was built for the 2.7 – 4.1MHz frequency range.
It was rebuilt in 1990 and now consists of 12×12 antennas, covering frequen-
cies from 5.4 – 8MHz with an 28 – 31dBi antenna gain, providing the maxi-
mum ERP and a full-width-half-maximum beam width of ∼7◦, varying slightly
with frequency. Array 2 and 3 have 6×6 antennas each, covering a frequency
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Figure 3.5: The EISCAT Heating facilities with the arrays, control room and transmitter
hall indicated. Photo: Craig Heinselman

range from 3.85 – 5.65MHz and 5.5 – 8MHz, respectively, with a 24dBi an-
tenna gain. The maximum ERP for these arrays is 300MW and the full-width-
half-maximum of the beam is ∼14.5◦.

Using subsets of the arrays and setting the transmitters to different frequen-
cies it is possible to transmit multiple frequencies simultaneously. Up to six
frequencies with circular polarization are possible, while for a linear polar-
ization all twelve transmitters can be set to a different frequency, although
this will affect the shape of the transmitted beam. In addition to the trans-
mitted frequency, fHF , a number of other beam parameters can be selected,
these include the wave polarization, beam direction and width and maximum
power. Intricate on-off, frequency stepping- or power stepping- schemes are
also commonly used. Figure 3.6 shows a schematic of the co-located setup for
a possible experiment using the EISCAT Heating and the EISCAT UHF radar, in-
dicating the beamwidth of both radars and the angle of the magnetic field.
This setup was used for the experiments that form the basis of this thesis.

During experiments, it is sometimes difficult to achieve a perfectly left- or right-
handed circular polarization. Slightly uneven powers or phases of the trans-
mitters will affect the transmitted beam. An example of the beam pattern
from a magnetic field aligned experiment in March 2016 (presented in Paper



34 CHAPTER 3. IONOSPHERIC MODIFICATION EXPERIMENTS

Figure 3.6: Schematic of the colocated EISCAT UHF radar and Heating facilities for ac-
tive experiments. Both Heating and radar beam are steerable and are shown in a
magnetic field aligned direction here. This setup was used for the experiments pre-
sented in this thesis. [Not to scale]

I) is shown in Figure 3.7. The intention of this experiment was to transmit a
pure O-mode wave. A small part, about 4%, of the radiated power leaked in
the Xmode. Thismight be of consequence for some experiments and thus the
beam pattern is one of the standard data products available for experiments
at EISCAT Heating.

This is only a brief summary of the most relevant capabilities and parameters
of the facility to provide context for the presented work. Thorough technical
reports and detailed description of EISCAT Heating are given by Rietveld et al.
(1993); Stubbe (1996); Stubbe et al. (1982) and most recently and updated for
the facilities by Rietveld et al. (2016).

Transmitting radio waves in the ionosphere
When ahigh frequency (HF) wave is transmitted toward space, it will propagate
and reflect at an altitude that depends on the ionospheric plasma frequency
(proportional to the electron density), the angle-of-incidence of the wave in
the ionosphere and its polarization relative to the magnetic field. The most
efficient interaction with the ionospheric plasma is achieved when the wave
frequency is less than the maximum plasma frequency in the ionosphere,
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Figure 3.7: An example of a calculated beam pattern and effective radiated power
of the transmitters for the two circular polarized modes during the experiment pre-
sented in Paper I. It should be noted that the O and X-mode wave in these figures are
labeled as RHCP (right hand circular polarized) and LHCP (left hand circular polarized),
respectively, as they are defined by the direction of k. This is contrary to the notation
of this thesis where the handedness of the wave modes is defined by the direction of
B0 (see Chapter4).

fOF2. AnO-modewavewill interactmost efficiently near the ionospheric layers
where fHF approaches the plasma and upper hybrid frequencies and conse-
quently these are of special interest during experiments.

The basic principle of linear, HF wave propagation when fHF < fOF2 is illus-
trated in Figure 3.8. Waves transmitted at an angle away from the vertical will
reflect at a lower altitude due to refraction in the ionosphere. A vertically trans-
mitted wave in the O mode will reflect when it has reached the reflection alti-
tude where the transmitted frequency is equal to the local plasma frequency
(see also Equation 2.8).

fHF = fP (3.1)

An X-mode wave transmitted vertically has two reflection altitudes when

fHF = ±fG
2

+
1

2

√
f 2
G + 4f 2

P (3.2)
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Figure 3.8: Schematic of raypaths of HF radio waves transmitted at various angles of
incidence in the ionosphere at the EISCAT facilities. At 6◦ south of vertical an O-mode
wave (blue) may convert to the Z mode (also called the slow or LH X mode) and pass
through the radio window. RH X-mode waves will reflect at lower altitudes than the
O-mode waves. [Not to scale]

where the negative solution applies to the LH Xmode and the positive solution
applies to the RHXmode. Thewave transmitted fromaground-based antenna
is not actually in a plasma wave mode until it reaches the ionospheric plasma.
It is either an LHCP or a RHCP electromagnetic wave. In ionospheric modifi-
cation experiments a transmitted LHCP wave is commonly referred to as an
O-mode wave also before it reaches the ionosphere, and likewise a transmit-
ted RHCPwave is referred to as an X-modewave. As these are the only circular
polarization available, it is not possible to transmit a LH X-mode wave from a
ground-based antenna. The reflection altitudes in Equation 3.1 and 3.2 corre-
spond to the O, R and L mode cutoff frequencies given in Equation 2.19, 2.20
and 2.21, respectively. The schematic Figure 3.9 indicates the cutoff or reflec-
tion and resonance frequencies for the two wave modes, as well as harmon-
ics of the electron gyro frequency (see Equation 2.5). In an inhomogeneous
plasma the reflections and resonances occur in very narrow height ranges.
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Figure 3.9: Schematic of the frequency-altitude profile of important ionospheric fre-
quencies in relation to the range of the pump frequencies available in EISCAT Heating
experiments. The EISCAT Heating facility can easily reach the third and fourth elec-
tron gyroharmonic frequencies (pink), nfG. The plasma frequency (blue), fP , upper
hybrid frequency (red), fUH , and the two X mode cutoff frequencies, fL−cut (yellow)
and fR−cut (orange), are indicated. The region where the electron gyroharmonic fre-
quencies intersect the upper hybrid frequency is defined as the double resonance
frequency, fdbl (see Equation 3.4).

An exception to this refraction and reflection of incident waves is for O-mode
waves transmitted at the Spitze angle, θc. These have a radio window here,
meaning the phenomenon or regionwhere an incident wave can pass through
and beyond a region where it, according to simple ray theory, would be
evanescent (Budden, 1980). For an O mode transmitted at the Spitze angle
this means that the incident wave can pass through to higher altitudes and
plasma densities in the ionosphere, here. The Spitze angle is defined as

sin θc = sinα

√
Y

1 + Y
(3.3)

where Y = fG/fHF andα is the angle of themagnetic field to the vertical. At the
EISCAT Heating facility θc varies between 6◦ and 4.5◦ for frequencies between
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4MHz and 8MHz.

When approaching the plasma resonance region, anO-modewave is refracted
such that the electric field of the wave, E1, becomes parallel, and k becomes
perpendicular, to the magnetic field B0. Since fHF is equal or very close to the
local plasma frequency here, the transmitted wave can efficiently couple to
plasma wave eigenmodes in this region, initiating Langmuir turbulence and
other instabilities. At the upper hybrid resonance altitude, also indicated in
Figure 3.9 and usually found a few kilometers below the plasma resonance,
E1 is mostly perpendicular to B0. Here, the wave can generate magnetic field
aligned density irregularities called striations that are discussed in detail later
in this chapter. New wave modes, like electron Bernstein waves may also be
enhanced and generated.

Especially interesting effects are sometimes observed for waves transmitted
at or near a multiple of the double resonance frequency, where the local upper
hybrid frequency and a harmonic of the electron gyro frequency are equal,

fdbl = fUH = nfG (3.4)

where n is a positive integer. Paper I and II present some of these gyrohar-
monic effects. These are also briefly discussed in Chapter 4.

The ionosphere as a plasma laboratory
The ionospheric plasma is easily accessible by radio waves allowing for repeat-
able andmethodical plasma experiments. Active ionospheric modification ex-
periments have thus lead to new insights and understanding of plasma and
geophysical processes.

The transmitted wave generally modifies the plasma in the ionosphere and
the plasma in turn modifies the incident waves by absorption and refraction,
and the interaction between the different types of waves. Consequently most
of the resulting effects and processes become nonlinear. The numerous non-
linear plasma phenomena and processes generated can be classified into two
categories (Stubbe and Hagfors, 1997). The first is thermal nonlinearity where
electrons are heated through collisional heating as they oscillate in the elec-
tric field of the wave. These occur on long timescales on the order of seconds
and one of the effects is the generation of plasma density irregularities. The
second is a result of the ponderomotive force leading to a gradient in wave
intensity. Langmuir and upper hybrid turbulence are caused by this type of
nonliniearity and occur on timescales of milliseconds. Through controlled and
specifically designed experiments these processes can be studied and an un-
derstanding of wave propagation, wave-particle interactions, plasma turbu-
lence and instabilities as well as geophysical phenomena in the near-Earth-
space can be gained.
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Since the first ionospheric modification experiments, a wealth of research has
been published and experiments have been conducted to study radio physics,
mesospheric and thermoshperic physics, chemistry, space weather, magneto-
sphere and radiation belt physics and laser fusion (e.g. Leyser andWong, 2009;
Robinson, 1989). In the following sections, some of the phenomena directly
relevant to this thesis are presented in some detail. This is only a brief intro-
duction and by no means a complete list, and more extensive reviewes are
given by, for example Streltsov et al. (2018) or Gurevich (2007).

Enhanced plasma and ion lines

When a high power, HF wave illuminates the ionosphere the naturally occur-
ring plasma waves are enhanced, and new waves are generated through dif-
ferent nonlinear effects. As discussed in Section 3.1, an IS radar can not ob-
serve the entire spectrum of the waves generated and enhanced by the HF
pump wave. However, the ion acoustic and Langmuir waves satisfying the
Bragg condition, that is waves with a wavenumber and direction such that
k = kradar/2, are also enhanced and are observable by the IS radar. The en-
hancements are largely caused by the so called parametric decay instability
(e.g. Kohl et al., 1993; Najmi et al., 2016), where the incident pump wave en-
ergy is conserved in a three-wave interaction satisfying the relation

f0 = f1 + f2 , k0 = k1 + k2

where the subscripts 0, 1 and 2 indicate the pump and the two descendant
waves, respectively. The descendant waves are a Langmuir wave and an ion
acoustic wave, detectable by the IS radar at specific offsets from the radar
frequency.

Another instability that strongly affects the enhancement of the ion acous-
tic waves and Langmuir waves is the oscillating two stream instability (OTSI)
or purely growing mode (e.g. Kuo et al., 1997). Here, the pump wave inter-
acts with a Langmuir wave of the same frequency. The OTSI is responsible
for the central peak, often observed between the two ion acoustic shoulders
in the ion line spectra (Robinson, 1989). Figure 3.10 shows an example of an
enhanced ion line spectra during an HF modification experiment (details pre-
sented in Paper II). The enhanced ion acoustic shoulders are clearly seen at
both altitudes in the right panels. A central peak is observed for the topside
ion line enhancement and also for the weaker bottomside enhancement (not
shown in detail) above the strongest enhancement. In the left panel the nat-
ural ion acoustic wave backscatter as a faint background enhancement at all
altitudes, with the up- and down-shifted ion acoustic shoulders clearly identi-
fiable above ∼170 km, is also seen. The frequency of the natural ion acoustic
waves increases with altitude and thus the shoulders are observed to be fur-
ther apart for higher altitudes.
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Figure 3.10: An example of enhanced ion line spectra obtained from the EISCAT UHF
radar during an HF modification experiment is shown. In the left panel, the fre-
quency spectra of the backscattered signal for every∼3 kmaltitude range, is indicated
in color. The natural ion acoustic wave can be detected as a faint background en-
hancement with the ion acoustic double shoulder feature observed at altitudes from
∼170 km to ∼300 km (see Chapter 3.1). At altitudes of 204 km, 207 km and 257 km,
clear enhancements of the ion line are visible. The right panels show two of these
HF induced, ion line spectra enhancements, from the topside (upper panel) and bot-
tomside (lower panel) ionosphere. The enhancements on the topside ionosphere are
approximately an order ofmagnitude smaller that those at the bottomside. Data from
this experiment are presented in Paper II.

Density irregularities

The generation of artificial field aligned density irregularities (FAIs) and ducts
by an HF modification wave, where the field referred to here is geomagnetic
field B0, has been extensively studied. The FAIs were first observed during
early experiments at Plattville, Colorado (Minkoff et al., 1974). When a pump
wave is incident on a small natural density perturbation in the ionosphere,
refraction of the pump wave, focusing it into the perturbation, becomes sig-
nificant and upper hybrid plasma waves are generated where the frequency
of the pump wave is equal to the upper hybrid frequency, fUH (Gondarenko
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et al., 2005). These are generated most efficiently in the direction of the den-
sity gradient∇ne, that is, the direction of the highest plasma density increase.
As electrons can more easily move along the magnetic field, compared to per-
pendicular to the magnetic field, the initial small density irregularity will be
elongated in themagnetic field aligned direction. Hence, the direction of∇ne is
perpendicular toB0 within the striation and the generated upper hybrid waves
will be too. The upper hybrid waves are trapped inside this density striation
leading to an increase in electron temperature, which in turn further enhances
the density striation and thereby also ∇ne. This positive feedback process is
known as the resonance or thermal instability (e.g. Gurevich, 2007; Gurevich
et al., 1995; Istomin and Leyser, 1997). The scale size of these pump wave in-
duced, small-scale density striations is 1–100meter across B0, while they can
stretch several tens of kilometers along B0, and their generation occurs within
a few seconds of heating.

Figure 3.11: In-situ observations of plasma density striations obtained in a rocket ex-
periment through the pump wave beam. The striations where found to be structured
in bunches, extending more than 20 km in altitude. The right panel shows the sketch
of the rocket trajectory relative to the bunches of density striations in the heated vol-
ume. Figures from (Kelley et al., 1995, Fig. 2 and 4).

The small, 7 – 10meter sized striations (⊥ B0), were observed in-situ in a rocket
experiment above Arecibo atmid latitude, by Kelley et al. (1995). The striations
were observed in bunches of about 1 – 2 km with regions of similar size with
no striations in between them. The mechanism for this bunching has been
interpreted in two ways. Either as a diffraction effect of the pumpwave on the
small-scale striations (Istomin and Leyser, 2001) or as nonlinear self-focusing
of the pump wave (Gurevich et al., 1998), where a group of striations are ex-
cited simultaneously by the pump wave. Self-focusing may happen when the
pump wave illuminates several striations, and the mean plasma density is re-
duced, producing a lensing effect focusing the pump wave, thus further en-
hancing the electron temperatures. This increases the growth of density stri-
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ations further, which then further increases the focusing effect , leading to
a positive feedback loop, known as the thermal self-focusing instability. The
result is larger regions of density striations or density depleted ducts and a
structuring of the ionospheric plasma. The term duct is used when the scale
size of the density striation is large enough that the density gradient within the
striation, perpendicular to B0, leads to total internal reflection and the incident
wave is ”ducted” along the magnetic field aligned ”tube” (Milikh et al., 2008).

Density striations and ducts of all scale sizes are detectable by incoherent and
coherent scatter, VHF and UHF radars as well as in-situ by rockets. The rocket
experiment by Kelley et al. (1995) also obtained in-situ measurements where
the bunching of the disturbed regions is clearly seen. Figure 3.11 presents
their results, showing the measured electron density along the rocket trajec-
tory in the left panel. The right panel illustrates the bunching of the density
striations relative to the rocket path.

The temporal evolution of the striations varies with the scale size as the differ-
ent instabilities influence the wave-plasma interaction. Observations of the
first ∼100 milliseconds after pump wave transmission onset show that the
signature Langmuir waves of the parametric decay instability dominate (Djuth
et al., 2004). Small-scale striations generate within 1 – 10 seconds and large-
scale striations grow on the order of minutes (e.g. Basu et al., 1997; Frolov
et al., 1997; Hysell et al., 1996; Myasnikov et al., 2001). The generation of all
striations decreases and disappears when the pump frequency approaches
that of an electron gyroharmonic frequency (Honary et al., 1999; Najmi et al.,
2017). Currently no complete, first-principlesmodel for the growth, decay and
bunching of the density striations exists, but many advances toward a better
understanding of these processes have been made through numerical mod-
eling (e.g. Eliasson, 2008; Gondarenko et al., 2003, 2005; Najmi et al., 2016).

Magnetic zenith effect

The magnetic zenith (MZ) effect describes the increased plasma response in
the direction along the magnetic field during heating experiments and has
been observed at all high power heating facilities (e.g. Gurevich, 2007; Gure-
vich et al., 2002; Pedersen, 2003). Figure 3.12 shows an observational example
made by Rietveld et al. (2003), from an HF modification experiment where the
HF beam was tilted at the Spitze angle. An image of the artificial 630nm red
auroral light generated by theHFwave, taken by a digital camera is shown. The
dashed circles indicate the –3dB and –6dB contours of the HF beam mapped
onto the assumed emission altitude at 300 km. The upper white cross marks
the MZ direction while the lower cross marks the vertical direction. These op-
tical measurements show an example of HF induced aurora that is preferably
excited in the MZ direction. Other optical measurements have been made,
when during a vertical heating experiment (Kosch et al., 2000) and an exper-
iment pointed 6◦ south of vertical (Gustavsson et al., 2001), artificial airglow
was observed to be displaced toward MZ.
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Figure 3.12: Image of HF induced auroral emissions at 630nm during an experiment
with EISCATHeating directed in the Spitze angle, at 6◦ from vertical. The dashed circles
indicate the projected –3dBand –6dB contours of theHFbeamat 300 kmaltitude, and
the upper and lower white crosses indicate theMZ direction and the vertical direction,
respectively, from the HF transmitter at 300 km. The induced auroral emissions are
displaced from the center of the beam toward the MZ. Figure from (Rietveld et al.,
2003, Fig. 8b).

Another example of the MZ effect is presented in Paper III, where the electron
heating rate in the ionosphere was calculated and compared to the transmit-
ted heating beam. The column-integrated heating rate is at a maximum in the
MZ direction and the horizontal angular extent of the heating profile is nar-
rower than that of the pump wave beam. Figure 4.8 shows an excerpt from
these results presented in detail in Paper III.

Several mechanisms have been proposed to explain the observed effect, in-
cluding the thermal self-focusing effect mentioned above (Gurevich et al.,
2002). Others include ionospheric tilts (Rietveld et al., 2003) and scattering
of small-scale field aligned striations (Zabotin and Kovalenko, 1999). Leyser
and Nordblad (2009) suggested that large-scale field aligned striations play an
important role in the MZ effect. Some of their results will be discussed further
in Chapter 4.
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Anomalous absorption

One of the earliest result from ionospheric modification experiments was the
reduced reflection of an incident radio wave, passing through amodified iono-
spheric volume (Cohen and Whitehead, 1970). This is referred to as anoma-
lous absorption of the radio wave (e.g. Gurevich et al., 1996; Robinson et al.,
1996; Stubbe, 1996). The conversion of the pump wave energy into upper hy-
brid waves, leads to effective absorption of the pump wave. Generation of
density striations, discussed above, are strongly linked to anomalous absorp-
tion and bunches of density striations will give rise to almost total absorption
(Dysthe et al., 1982; Gurevich et al., 1996). Similar to the generation of density
striations, the anomalous absorption is also dependent on the relative prox-
imity of the pump wave frequency to the electron gyroharmonic frequency,
and anomalous absorption is reduced when fHF → fdbl.

Other phenomena

In addition to the responses and phenomena introduced above, and relevant
for this thesis, there are a multitude of other effects and observations arising
from modification experiments in the ionosphere, that make up a large body
of research. Streltsov et al. (2018) have written a comprehensive review of
ionospheric modification experiments, including the current and most recent
theoretical and experimental results. Some of the recent important scientific
advances are the following:

• Stimulated Electromagnetic Emissions (SEE) where the incident HF wave
causes secondary electromagnetic emissions from the perturbed vol-
ume (e.g. Leyser, 2001; Sergeev et al., 2006, and references therein). The
frequency of these emissions is observed at both lower and higher fre-
quencies than fHF . The generation of SEEmay involve both types of non-
linear processes.

• Artificial optical emissions excited by the pump wave. Incident O-mode
waves can accelerate the electrons in the ionosphere. These suprather-
mal electrons in turn will collide with neutral particles in the F-layer caus-
ing artificial aurora or airglow, depending on the latitude of the experi-
ment. The energetic electrons excite the same atomic and molecular
states as the natural aurora. However, the intensities are shifted toward
lower excited energy transitions (e.g Bernhardt et al., 1989; Gustavsson
and Eliasson, 2008; Kvammen et al., 2019, and references therein). Ob-
servational advances are summarized by e.g. Kosch et al. (2007).

• Descending artificial ionization layers (Pedersen et al., 2010) are an ioniz-
ing wavefront caused by suprathermal electrons accelerated by the tur-
bulence created by the incident HFwave (e.g.Mishin and Pedersen, 2011,
and references therein).
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• The generation and modification of magnetospheric ULF, ELF and VLF
waves through different mechanisms initiated by HF heating (e.g. Cohen
and Inan, 2012; Cohen et al., 2010; Robinson et al., 2000, and references
therein).

• X mode modification experiments have been observed to induce strong
plasma responses. Although an RHCP X-mode wave should be mostly
reflected below the upper hybrid and plasma resonance region in high
latitude experiments, it has been observed to generate field aligned ir-
regularities, optical emissions, electron density enhancements due the
electron acceleration well as enhanced plasma and ion lines and SEE
(Blagoveshchenskaya, 2021). The mechanisms and causes behind these
observed phenomena are still largely unknown.





Chapter 4

Transionospheric wave
propagation

In general, an electromagnetic wave transmitted into the ionosphere at a fre-
quency that is lower than the maximum plasma frequency, fHF < fOF2, is
refracted away, reflected or absorbed. Under certain conditions, a wave can
penetrate the region where it would ordinarily be evanescent, propagate to
higher altitudes in the ionosphere and continue to space. This transiono-
spheric wave propagation is most easily achieved by specific wave modes,
through a radio window. To explain this process, an understanding of differ-
ent wavemodes, their dispersion relation and their propagation in a plasma is
needed. The first section of this chapter, focuses on the wave modes specially
relevant to this process, that is the O, X, L and Z modes (see also Chapter 2.1
and 3.2). Their properties and characteristics are discussed in detail in the con-
text of wave propagation in the Earth’s ionosphere. Following this, the concept
of natural and artificial radio windows, as well as other possible mechanisms
for transionospheric wave propagation, is considered. In the second section
of this chapter, observational evidence of transionospheric propagation from
previous studies is reviewed and an overview of the observations central in
this thesis and the enclosed papers is given.

4.1 Plasma wave modes and wave propagation
In plasma and space plasma physics, the possible waves are labeled and cat-
egorized according to their propagation characteristics. The type of a wave
is determined from the relation and direction between the defining parame-
ters. These are the waves frequency ω, vector k, electric and magnetic fields,
E1 and B1, and the ambient magnetic field B0. The limiting directions of prop-
agation for a wave, specified by k, are parallel and perpendicular in relation
to the undisturbed background magnetic field, B0. The waves can be longi-
tudinal or transversal (or a mixture), depending on the direction of E1 rela-
tive to k, while the rotation of E1 determines its polarization. In a magnetized
plasma, the polarization of a wave can be circular, elliptical or linear. The elec-
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tric field E1 rotates left handedly, or counterclockwise, in relation to B0 in a left
handed circular polarized (LHCP) wave. This is opposite to the electron gyro
motion (see Equation 2.5). Right hand circular polarized (RHCP) waves, as the
name implies, rotate in the opposite direction, that is, in the same sense as the
electron gyro motion. Also, when a wave is elliptically polarized it is likewise
called left handed (LH) or right handed (RH) depending on the rotation of E1.1
The polarization determines the propagation, resonances and cutoffs of the
wave, as will be shown. When the oscillating magnetic field is zero, B1 = 0, the
wave is electrostatic, while otherwise it is electromagnetic. Along the propaga-
tion direction of small amplitude waves, the frequency remains constant while
both amplitude and wavelength may change due to absorption and reflection
or changes in refractive index, respectively (e.g. Baumjohann and Treumann,
2012; Chen, 1983).

Dispersion relations of relevant wave modes
The complex interaction between the plasma particles and the magnetic field
allows for a finite number of wave modes to exist in a plasma. To determine
these, the dispersion relation of a wave from the plasma fluid equations and
Maxwell’s equations for small, propagating amplitude fluctuations is derived
(see Chapter 2.1). The dispersion relation of awave relates thewave frequency
ω and the wavevector k and contains all the information about the propaga-
tion of the wave. For high-frequency waves (where ω ≫ ωIG), the dispersion
relation for propagation in a coldmagnetized plasma, is given by the Appelton-
Hartree equation (e.g. Bittencourt, 2013). When calculating ω as a function of
k for propagation angles between θ = 0 and θ = 90◦, i.e. covering all propa-
gation directions from parallel to perpendicular to B0, the dispersion relation
takes the form of a set of surfaces (Andre, 1985).

The three dispersion surfaces of the wavemodesmost relevant for this thesis,
for a plasma where ωP > ωG, are shown in Figure 4.1. The relation of ω as a
function of k is shown for wave propagation directions from k ∥ B0 on the left
edge of the plot, to k ⊥ B0 along the right side of the plot, for ωP = ωG. The
colors of the surfaces indicate the polarization of the waves from left handed
shown in blue, to right handed shown in yellow. Along the edges on each side
of the surfaces, one recognizes the two dimensional dispersion relations com-
monly shown in plasma physics textbooks (e.g. Baumjohann and Treumann,
2012; Bittencourt, 2013; Chen, 1983; Swanson, 2003). The dispersion relation
of a given wave ω(k, θ) is represented as a point on one of the surfaces. The
phase velocity νph, of the wave is given by the slope of the line from the origin

1It should be noted here, that in some fields of research (like engineering), the polarization
is defined by the rotation of E1 relative to k, not B0. This results in opposite definitions for
for example RHCP and LHCP waves propagating antiparallel to B0. Additionally, the names
that many of the different waves have are different in different fields, also in adjacent fields
like laboratory plasma physics and space plasma physics. This can be very confusing, and
hence determining the definitions that are used is essential for studying literature on waves
in plasmas.
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Figure 4.1: Dispersion surfaces of the RH X mode (upper), O mode (middle) and LH
X mode (lower). the lower LH X-mode surface is also called the slow X-mode or upper
hybrid surface, and the Z-mode surface for small k) plasma waves. Wave propagation
perpendicular to B0 is found on the right edge of the plot, while propagation parallel
to B0 is found on the left edge of the plot. The names of the wave modes on these
edges are indicated. The color of the surfaces indicate the polarization of the waves
from left handed (blue) to right handed (yellow) in relation to B0. Dispersion surface
plot produced with IRFU-Matlab analysis package (IRFU, 2003).

to that point on the surface, while the group velocity νg of the wave is given by
the tangent to the surface in the direction of the steepest ascent at that point.
While the νph is always parallel to k, νg is not necessarily in the same direction.

The upper dispersion surface is that of the RH X-mode or fast X-mode waves
with the purely electromagnetic RHCP R mode along the k ∥ B0 edge (the R-
mode dispersion relation is given in Equation 2.17). These X-mode waves are
partially longitudinal and partially transverse and they approach the speed of
light, c, for (ω,k → ∞), for all angles of propagation. The second surface is
that of the O mode. For small values of k and approaching parallel propaga-
tion the wave turns gradually more electrostatic and ω approaches the elec-
trostatic wave mode. When the O-mode wave is propagating perpendicular
to B0 (along right edge of the plot), then E1 ∥ B0 and the plasma response is
unaffected by the magnetic field. The dispersion relation then, is the same as
for an electromagnetic wave in an unmagnetized plasma and the wave propa-
gates as if B0 = 0 (see Equation 2.9). The lower dispersion surface is the lower
branch X-mode surface. This is sometimes called the upper hybrid surface and
Z-mode or slow X-mode surface for small k (Andre, 1985). O-mode waves and
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waves on this lower X-mode surface are generally left handed while the upper
branch X mode is generally right handed, as seen from the colored surfaces
in Figure 4.1. In the rest of this thesis the upper surface will be referred to as
the RH X-mode surface while the lower surface will be referred to as the LH X-
mode surface. Similarly, a wave will be referred to as an RH X-mode wave for
waves with dispersion relations on the upper surface, and LH X-mode wave
for waves with dispersion relations on the lower X-mode surface. Along the
k ∥ B0 edge, the L-mode wave dispersion curve connects the O-mode and LH
X-mode surfaces at ω = ωP . When k ⊥ B0 the wave on the LH X-mode surface
edge has a resonance at the upper hybrid frequency (see Equation 2.16), and
it connects to electrostatic Bernstein waves (not shown) for high values of k⊥
(Rönnmark, 1990).

Wave propagation in a plasma
A radio wave incident in the ionosphere, with frequency ωHF , will be continu-
ously refracted as it propagates, since the ionospheric plasma density varies,
and consequently kwill change (ωHF does not change). The two limiting cases
for the propagation of a wave are when k → 0 and when k → ∞. A propa-
gating wave has a cutoff or reflection point when k → 0 and the direction of
propagation is reversed. A resonance is encountered when k → ∞, which also
implies that the phase velocity of the wave becomes zero and the energy of
an incident wave is absorbed. In the ionospheric plasma where ωP and ωG are
changing as the altitude changes, a propagating wave will encounter cutoffs
and resonances at different altitudes depending on the wave mode. For the
O, L, R and both RH and LH X-mode waves, these are given by Equation 2.19,
2.21 and 2.20 in Chapter 2.1. The refraction of the wave also affects the wave
electric field E1 which will change from beingmostly perpendicular to being di-
rected essentially parallel to B0, where the wave is reflected (e.g. Rietveld et al.,
1993).

Figure 4.2 shows a schematic example of how an incident O-mode wave may
be refracted in the ionosphere. In the upper left panel the altitude profile
of the upper hybrid frequency and the fourth harmonic of the electron gyro
frequency are shown. The transmitted pump frequency is indicated, as well
as 3 positions, A, B and C, in altitude. Two sets of dots, green and blue, are
indicated to illustrate two different incident rays of the pump wave at these
altitudes. The difference between the two sets may for example be a small
difference in k or angle of incidence θ. As a wave propagates between the
altitudes A, B and C, it will refract and both k⊥ and k∥ will change. Hence,
a wave at altitudes A, B and C in the upper left panel, will correspond to a
point on a set of dispersion surfaces, with ωP and ωG at that respective altitude.
These are depicted in panels A, B and C in the figure. The dispersion surfaces
of the O mode and LH X mode are shown as before, in greater detail. Colors
now indicate the direction of E1 relative to B0. The incident waves, defined by
ωHF and k, are each represented by a point on one of the dispersion surfaces,
showing how a propagating wave is refracted.
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Figure 4.2: Schematic of the dispersion relations of a propagating wave. The upper
left panel, showing the altitude profile of the upper hybrid frequency and the fourth
harmonic of the electron gyro frequency, indicates three points where an incident
O-mode wave may pass through. Each point corresponds to one of the other three
panels denoted by the letters. In these panels the dispersion surface of the O and LH
X-mode/upper hybrid (Z mode) is shown and the point of the dispersion relation for
the incident O-mode wave is indicated. An incident LHCP wave propagating strictly
field aligned at the radio window may pass from one surface to the other and con-
tinue propagation, without mode conversion or being reflected. The wave will con-
tinue propagation unless it encounters the L-mode cutoff (see Equation 2.21). The
values in this schematic example are arbitrarily chosen to represent conditions close
to the double resonance frequency (see Equation 3.4) and do not present real data.
Dispersion surface plot produced with IRFU-Matlab analysis package (IRFU, 2003).

As the wave propagates in the ionosphere, the surrounding plasma density
and gyro frequency change, so the frequency-ratio ω/ωG changes. Hence, the
dispersion surfaces in Figure 4.2 shift on the frequency-axis (vertical axis in
the figure). For conditions similar to those at point A in the upper left panel,
the corresponding points for the two waves on the dispersion surfaces might
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be somewhere close to that shown in the upper right panel, labeled A. An O-
mode wave with k⊥ ̸= 0 and k∥ ̸= 0, approaching the upper hybrid resonance
region, will have a point somewhere on the O mode dispersion surface, de-
pending on the angle of incidence relative to B0 and the plasma density. In
the illustration in Figure 4.2, the two wave rays might differ slightly in angle of
incidence θ. They might, for example, originate from two different positions
within the same HF beam, and therefore have a slightly different propagation,
thus corresponding to two different points on the surface.

The waves will be continuously refracted in the increasing plasma density, and
if k⊥ remains unequal to zero, the wave will eventually be reflected when E1 ∥
B0 and k∥ = 0. This corresponds to a change in color from black to yellow on
the O mode dispersion surface. In the lower left panel (B) this is illustrated by
the incident wave depicted by the blue point, which has refracted such that
the dispersion relation of the wave is now on the area of the O-mode surface
where E1 ∥ B0 (yellow). This wave is reflected and can not propagate to higher
altitudes than where ωP > ωHF .

If, by refraction, the wave has k⊥ = 0, that is it is now propagating strictly
field aligned in the L mode, at the point where ωHF = 3.8ωP

2, as illustrated by
the green point in the lower left panel (B), the incident wave is not reflected
(or absorbed). At the point where the two surfaces touch an incident L-mode
wave may pass from one surface to the other and continue propagation. The
wave can then propagate to altitudes where ωP > ωHF and the dispersion re-
lation, now on the LH X-mode (Z-mode) surface might correspond to a point
as illustrated in the lower right panel (C). This is the radio window. If the prop-
agating wave does not encounter the L-mode cutoff (see Equation 2.21 and
Figure 3.8) it will continue propagation to the topside ionosphere, through the
topside radio window and into space.

Wave propagation through the ionosphere
Different mechanisms for transionospheric wave propagation have been pro-
posed. These are considered in this section, starting with wave propagation
through the standard radio window at the Spitze angle and through artificial
radio windows. Other proposed mechanisms for wave propagation through
the ionosphere are introduced briefly in the last part of this section.

The standard radio window

A vertically transmitted wave in the O mode will reflect at the O-mode cutoff
altitude, while a wave transmitted in the RH X mode will reflect at the corre-
sponding X-mode cutoff altitude (see Chapter 3.2, Equation 2.19 and 2.20 and
Figure 3.8). Waves transmitted at angles between the vertical and the Spitze
will also reflect at these respective cutoff altitudes, while waves transmitted at

2The value ωHF = 3.8ωP is chosen arbitrarily for this schematic example, but corresponds
to conditions close to the double resonance frequency (see Equation 3.4).
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larger angles, relative to zenith, will reflect at successively lower altitudes. The
exception to this are waves transmitted at the Spitze angle. In Figure 3.8, prop-
agation through the standard radiowindowat the EISCAT facilities is illustrated
by the central O-mode ray. When transmitted at the Spitze angle, a propagat-
ing O-mode wave will have refracted through the increasing plasma density
such that it is in the L mode when it reaches the point where ωHF = ωP , where
it can pass through the radio window and continue propagation to higher al-
titudes (regions where ωP > ωHF ). If the pump frequency is larger than the
L-mode cutoff frequency, ωHF > ωL−cut, the wave will continue propagation to
the topside radio window and space. The theory of linear conversion of an in-
cident radio wave was first adapted to ionospheric modification experiments
by Mjølhus and Flå (1984). The linear conversion of the wave mode is illus-
trated by the change in color of the ray in Figure 3.8. In Figure 4.2, the green
points on the dispersion surfaces illustrates this refraction process, and after
passing through the radio window it is apparent that the dispersion relation
of the wave ,(ωHF ,k) now is a point on the LH X-mode (Z-mode) dispersion
surface. For a wave with ωHF and k on the L-mode curve, it is apparent that E1
relative to B0 does not change (no change in color), in Figure 4.2.

A wave that is at or in close vicinity of the radio window will be transmitted
completely or partially transmitted and partially reflected (Mjølhus, 1990). Par-
tially penetrating waves will propagate slightly off the Spitze angle after pass-
ing the radio window and refract on the LH X-mode (Z-mode) surface. Thus
theywill notmeet the topside radiowindowor only partially andbepartially re-
flected at the topside radio window into a northward propagation path (Mjøl-
hus, 1990; Mjølhus and Flå, 1984).

Artificial radio windows

Artificial radio windows can be generated at locations away from the standard
radio window, by large-scale, field aligned density striations and ducts. In a
ray-tracing study, Nordblad and Leyser (2010) show that refraction on duct
walls, and self-focusing of the incident LHCP wave can affect the polarization
and refraction such that the wave is guided into the L mode in kilometer scale
density ducts in an otherwise horizontally stratified ionosphere. Thus guided,
the wave can pass the O-mode cutoff altitude, where it would otherwise be
reflected and continue propagating to regions with higher plasma density. If
the wave frequency is above the L-mode cutoff frequency (Equation 2.21) the
wave will continue propagation to the topside ionosphere. The large-scale
density striations facilitating this can be generated by the pump wave on nat-
urally existing small-scale density striations (Gurevich et al., 1995) or created
by the pump wave (e.g. Gondarenko et al., 2005; Gurevich et al., 1998; Istomin
and Leyser, 2001)(see also Section 3.2).
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Other mechanisms for transionospheric wave propagation

In addition to propagation through the standard or artificial radio windows,
several othermechanisms have been proposed for O-modewave propagation
beyond the cutoff altitude. A resonant scattering mechanism for modification
experiments with low duty cycles was suggested by Mishin et al. (2001). They
propose that an O-mode wave can efficiently scatter into Z-modes waves on
small-scale density striations incident above the upper hybrid resonance re-
gion . Such small-scale density striations are generated (see Section 3.2) within
a few seconds (e.g. Myasnikov et al., 2001) by the pump wave through the res-
onant instability (e.g. Vas’kov and Gurevich, 1977).

Eliasson (2008) conducted a simulation for low duty cycle experiments and an
ambientmagnetic field tilted to 13◦, replicating conditions during EISCATHeat-
ing experiments. The simulations were done for low duty-cycle experiments
to minimize the effect of density striations generated by the pump wave. A
vertically propagating, large amplitude, O-mode wave was shown to reach the
reflection altitude, where it decayed into a Langmuir wave and an ion acous-
tic wave through the parametric decay instability (see Section 3.2). This was
followed by strong Langmuir turbulence and excitation of large amplitude Z-
mode waves. The Z-mode wave continued propagation beyond the O-mode
reflection altitude.

Vodyanitskij et al. (1974) suggested that resonant electrons, excited by an X-
mode pump wave, can carry the plasma oscillations across the reflection alti-
tude. This mechanism is proposed for mid latitudes, where the ambient mag-
netic field is tilted significantly compared to high latitudes.
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4.2 Observations
Observations of transmitted electromagnetic waves propagating beyond the
cutoff altitude have been made multiple times in the past. The first observa-
tions of this phenomenon were made in and ionogram, almost a decade af-
ter the development of the first ionosonde. Since, sporadic evidence of wave
propagation beyond the cutoff altitude and also through the ionosphere and
to the topside, and further into space has been presented in ISR and satellite
measurements. In the first section of this chapter, all past observations are
listed and presented. In the second section, the new, systematically recurring
observations of transionospheric wave propagation that form the basis of this
thesis, are summarized.

Past observations of transionospheric radio wave
propagation

The first observations of a transmitted radio wave propagating beyond its cut-
off altitude were reported by Toshniwal (1935) who presented a very short-
lived third trace, observed during sunset, in addition to the usual two traces in
ionosonde measurements. Shortly after, Harang (1936) confirmed these with
the first direct observations. He observed the third trace, that became known
as the F region triple splitting, in ionograms from the Tromsø ionosonde. The
two common traces observed in ionograms from ionosondes, are reflections
of the transmitted radio wave at RH X-mode cutoff altitude and the O-mode
cutoff altitude (orange and blue lines in Figure 3.9). Several attempts were
made to explain the third trace in the ionograms and to understand how an
incident wave can propagate beyond both the RH X and O-mode cutoff alti-
tude. They were attributed to the Z-mode wave and wave reflections from the
Z-mode (or LH X-mode) cutoff (yellow line in Figure 3.9) by Poeverlein (1949)
and Millington (1954). An example of an ionogram from the Tromsø Dyna-
sonde, showing the three traces, is shown in Figure 4.3. The turquoise dotted
line indicates the RH X-mode reflections while the two red dotted lines indicate
the O-mode (right) and Z-mode (left) reflections. The idea of a ”hole” in the
ionosphere for transmitted radio waves to pass through, was first proposed
by Ellis (1956), who noted that the angle of arrival of the wave in the iono-
sphere was critical for the observation of Z-mode traces, and that the ”hole”
had a very narrow angular extent. Thus the radio window was found.

The first evidence of radio wave propagation beyond the RH X-mode and O-
mode cutoff altitude in IS radarmeasurements was presented by Ganguly and
Gordon (1983). During an ionospheric modification experiment, transmitting
an HF pump wave in the O mode, at the mid latitude Arecibo Observatory, an
enhanced plasma line signature was observed ∼50 km above the bottomside
cutoff altitude of the O-mode wave. The ionospheric plasma frequency was
not measured during the experiment and hence it is unclear if the enhanced
plasma line appeared at the topside ionosphere or below.
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Figure 4.3: Example of an ionogram from the Tromsø Dynasonde showing the three
traces of the RH X mode (bluegreen), O mode (red right) and Z mode (red left) reflec-
tions on the bottomside ionosphere.

The Z-mode traces in ionograms and possibly the observations of enhanced
plasma lines made by Ganguly and Gordon (1983), do not provide evidence
of transionospheric wave propagation, but only show that an incident wave
may pass the bottomside cutoff altitudes of the O- and RH X-mode waves.
The first clear measurements of transmitted HF pump wave propagating to
the topside ionosphere were presented by Isham et al. (1990). Coincidentally,
these were also the first observations of transionospheric wave propagation
outside the standard radio window. In an experiment using EISCAT Heating
and theUHF radar facilities, in amagnetic field aligneddirection, ion line power
profiles showed evidence of the existence of topside HF enhanced ion lines
(THFIL). These appeared for the first ten seconds after HF transmission on, for
some of the transmitted HF pulses. Figure 4.4 shows the ion line power profile
with clear enhancements at the bottom and topside ionosphere, presented by
them.

In a follow up experiment a few years later, Isham et al. (1999a,b) observed
THFIL with both the EISCAT UHF radar, scanning between the vertical and field
aligned direction, and the EISCAT VHF radar pointing in the vertical direction.
The EISCAT Heating facility was transmitting and O-mode wave in the direc-
tion of the Spitze angle for 200 milliseconds every 10 seconds. Interestingly,
the THFIL were clearly observed with both radars and topside plasma line en-
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Figure 4.4: Ion line power profiles measured during HF modification experiments at
EISCAT Tromsø. Clear enhancements at the bottom and topside ionosphere can be
seen. Adapted from Isham et al. (1990, Fig. 6).

hancements were observed in the VHF data. In the UHFmeasurements, THFIL
occurred predominantly at an angle between the Spitze and themagnetic field
aligned direction. The authors remark on this result and the apparent evi-
dence of pump wave propagation beyond the reflection altitude, outside the
normal radio window, and attribute these observations to anO to Zmode con-
version of the wave. However, they note that theoretical explanations for the
mechanism producing the THFIL and the angular extent at which they appear,
were insufficient that time (Isham et al., 1999a).

THFIL were first observed in a vertically directed modification experiment by
Rietveld et al. (2002). Here, the THFIL were observed at the topside of a
strongly enhanced E region. In this experiment too, the authors attribute the
observations to a coupling of the O mode to the Z mode allowing for wave
propagation through the E-region peak, although outside the standard radio
window. Eliasson (2008) proposed a mechanism for transionospheric prop-
agation of a radio wave, specifically for low duty cycle experiments (see also
Section 4.1) in their simulation study, to explain the observations made by
Isham et al. (1999a,b) and Rietveld et al. (2002).

THFIL were again observedwhen Kosch et al. (2011) studied the angular extent
of the standard radio window. EISCAT Heating was directed 9◦ south of zenith
while the EISCAT UHF radar was scanned in small steps, along the magnetic
meridian. THFIL were consistently observed and their observations showed
the radio window to be shifted to ∼7 – 8◦ south of zenith instead of ∼6◦. Ad-
ditionally, the observations of the THFIL are displaced 2◦ – 3◦ equator-ward,
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relative to the bottomside HF induced ion line enhancements (BHFIL). They
suggest that this is the result of a tilted ionosphere, observed in Dynasonde
data obtained simultaneously. This displacement was also theoretically pre-
dicted by Mjølhus and Flå (1984).

The first space borne observations of transionospheric wave propagation dur-
ing HF modification experiments were presented by Leyser et al. (2018). Dur-
ing a fly-by, the magnetic field aligned transmitted pump wave was detected
on the CASSIOPE satellite, although the pump frequency was well below the
maximum plasma frequency in the ionosphere. The transmitted wave is in-
terpreted to propagate in the L mode, through an artificial radio window, gen-
erated by pump wave induced density depletion (see Section 4.1).

Borisova et al. (2020) present THFIL observations as well as simultaneously en-
hanced plasma lines at the topside ionosphere during an experiment in 2013.
In the experiment, the O-mode pump wave was directed in a magnetic field
aligned direction with a 60% duty cycle (20 minutes on – 10 minutes off). The
author attribute the observations to the propagation mechanism suggested
by Eliasson (2008). However, Eliasson (2008) propose a mechanism for the
generation of topside enhancements for very low duty cycles and vertically
propagating pump wave experiments. Considering the long HF-on pulse and
the direction of propagation in the experiments performed by Borisova et al.
(2020), it is likely that upper hybrid waves and density striations are gener-
ated. Hence, it is possible that the wave is guided into the L mode by the den-
sity striations and propagates to the topside ionosphere thus Their results are
therefore consistent with propagation through an artificial radio window in
the L mode (see Chapter 4.1). Since Eliasson (2008) modeled only the first few
milliseconds of vertical experiments, it is unclear if that proposed mechanism
is applicable to the observations made by Borisova et al. (2020).

New observations of recurring transionospheric wave
propagation
Observations from multiple HF modification experiments performed at the
EISCAT facilities form the basis of this thesis. During all experiments, evidence
of wave propagation beyond the cutoff altitude of the transmitted wavemode
was observed. The details are presented and their possible generation mech-
anisms and involved physics are thoroughly discussed in the accompanying
papers. In this section some of these results are summarized, focusing on the
observations demonstrating transiononspheric wave propagation repeatedly.

In Paper I and II, evidence of transionospheric wave propagationwas observed
as THFIL in the EISCAT UHF radar measurements. The THFIL were observed
consistently during multiple experiments, under different conditions. Dur-
ing the experiments an O-mode pump wave was transmitted in a magnetic
field aligned direction while the pump frequency, fHF , was stepped in small
steps around the fourth harmonic of the double resonance frequency, 4fdbl
(see Equation 3.4). A typical example of the observations from one experi-
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Figure 4.5: Example of enhanced ion line spectra at two subsequent instances in time
during an experiment, transmitting an O mode pump wave in the MZ direction. Left
panels show the critical frequencies, fP (red), fUH (yellow), fL−cut (blue), fHF (green)
and 4fG (purple). The middle panels show the ion line frequency spectra at altitudes
from 180km to 280 km, while the right panels show the frequency line spectra at the
enhanced altitudes. The THFIL at the first time-step (first right panel) are weaker than
the THFIL at the next time step (third right panel), where it becomes clearly visible as
a brighter purple color, also in the lower middle panel. The altitude of the strongest
BHFIL increases from 207km to 210 km in the second time-step, where the ”double
shoulder” shape and a central feature are clearly seen in the line spectra of the cor-
responding right panel.

ment, at two subsequent instances in time are shown in Figure 4.5. In the
left panels the altitude profiles of the plasma (red), upper hybrid (yellow) and
L-mode cutoff (blue) frequencies are shown. These are calculated from ob-
servations of the natural Langmuir waves observed in the plasma line spectra
measurements of the radar (see Chapter 5 for details). The fourth harmonic
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of the electron gyro frequency (purple) and the pump frequency (green) are
also indicated. The middle and right panels are as in Figure 3.10, with the ion
line frequency spectra in the middle and the line spectra of the enhanced al-
titudes to the right. In the left panels it is evident that fHF is well above the
L-mode cutoff, and well below the maximum plasma frequency fOF2. So here,
an incident L-mode wave, first passing through an artificial radio window (see
Section 4.1), can propagate from the bottomside ionosphere to the topside
ionosphere without encountering the cutoff. The THFIL, seen at 260 km in the
middle panels of Figure 4.5 and growing from one time-step to the next (up-
per to lower panel), are interpreted as evidence of this transionospheric wave
propagation. Comparing the line spectra of the THFIL in the first and third
panel on the right, to the line spectra of the BHFIL in the second and fourth
panel on the right, it can be seen that the THFIL are approximately an order
of magnitude smaller than the BHFIL. The example presented in this figure
is illustrative for all observations of THFIL during the experiments. THFIL oc-
curred repeatedly, and one of the important parameters was found to be that
fHF > fL−cut.

Figure 4.6: Electron density calculated from the plasma line observations of the natu-
ral Langmuir waves in the EISCAT UHF radar measurements. The altitude and time of
the observations of the THFIL and BHFIL are indicated by the blue bars. The L-mode
cutoff, when it is 5.42MHz or above, is superposed on the electron density by the
white contour line. this indicated when fHF approaches the cutoff frequency during
the frequency stepping in the experiment.

An example demonstrating this is given in Figure 4.6 showing a ∼1 hour seg-
ment of the electron density measurements during one experiment. The time
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and altitude of the THFIL and BHFIL are superposed as blue bars on the figure.
The maximum L-mode cutoff frequency changes naturally with the changing
ionospheric plasma density and the white contour line superposed on the fig-
ure, indicates when the L-mode cutoff frequency reached 5.42MHz or above.
The value of 5.42MHz was chosen as this was the mean pump frequency dur-
ing the experiment and is intended to give an indication of when fHF was
close to or below fL−cut. If the frequency fHF of an incident pump wave in
the L mode, is below that of fL−cut, the wave can not propagate further. In the
figure this is seen as THFIL are only observed when fHF > fL−cut, while BHFIL
are observed for all heating pulses in this experiment. The altitude of THFIL
and BHFIL follow the variations in the ionospheric electron density, as would
be expected. This example illustrates that THFIL can be generated repeatedly
under certain conditions. However, not all important parameters that affect
the generation of THFIL and transionospheric wave propagation are known
and the experiments presented in Paper I and II lead to several new unan-
swered questions (see Chapter 6).

Figure 4.7: Mean backscattered power of the ion line spectra from the EISCAT
UHF radar measurements, showing the development of THFIL (∼315 km) and BHFIL
(∼225 km) during one 3 minute, HF modification pulse. The enhancements can be
clearly seen as brighter purple and yellow. The bottom panel shows the correspond-
ing fHF and 4fdbl at the bottomside ionosphere.

Figure 4.7 shows the development of THFIL and BHFIL during one, 3 minute,
HFmodification pulse, including an example of one of the yet unexplained fea-
tures. The change in themeanbackscattered power of the 5 second integrated
ion line spectra, of the UHF radar measurements, is seen in the upper panel.
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The bottom panel shows the pump frequency as well as 4fdbl on the bottom
side ionosphere. Themagnitude of the ion line enhancements at both the top-
side (314 km) and the bottomside (215 km), varies throughout a heating pulse
as fHF is stepped around 4fdbl.

The decrease and slight increases of the altitude of the enhancements, at the
topside and bottomside respectively, is consistent with the stepping of fHF

and the resulting change of altitude of the cutoff altitude. Both THFIL and BH-
FIL enhancements appear to increase as fHF is stepped upward toward 4fdbl.
As fHF is stepped above 4fdbl, both THFIL and BHFIL abruptly disappear. The
appearance of both BHFIL and THFIL seem to be affected by the proximity
of fHF to 4fdbl on the bottom ionosphere. The example given in Figure 4.7 is
characteristic for what is defined as Case B observations in Paper II. Case A
observations (not shown here), defined in the same paper, also show a curios
feature where the appearance of THFIL seem to be conditioned by the prox-
imity of fHF to 4fdbl on the topside ionosphere. The analyses of these data and
details are discussed at length in Paper I and II.

Figure 4.8: Altitude profiles of the modeled electron heating rate at radar elevation
from 74 – 84◦ during O mode HF modification in the MZ direction. The MZ and Spitze
angles are indicated in grey and white, respectively. The electron heating rate in the
MZ direction clearly differs from the heating rate at other elevations.

The findings presented in Paper III are consistent with the results and con-
clusions of Paper I and II, even though the experiment and calculations were
different. In this experiment the EISCAT UHF radar was scanned through eight
positions around magnetic zenith (MZ), measuring the plasma parameters at
each elevation, as an HF pump wave in the O mode was transmitted in the
MZ direction. The electron temperature and heating rate were then modeled
from the energy equation (see Chapter 2.1) and fitted to themeasurements of
the plasma parameters. A difference in the electron heating rate at different
radar elevation steps was detected. Figure 4.8 shows an excerpt of these re-
sults. The altitude profile of the heating rate is shown for the different radar
elevations and the MZ and Spitze angles are indicated. With the exception of
the MZ direction the heating rate at all elevation angles is asymmetric, with a
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sharp decrease above the maximum and a gradual decrease below the max-
imum heating. In the MZ direction the heating rate is extended over a larger
range of altitudes and the asymmetric decrease above and below the max-
imum is not observed. This is consistent with a propagating L-mode pump
wave in the MZ direction and an O-mode wave at angles away from MZ. An
L-mode wave can propagate to higher altitudes than an O-mode wave, and
thus the wave plasma interaction generating the increase in electron heating
can occur at a larger range of altitudes.

The experimental results and their interpretation presented above, demon-
strate and establish the possibility of transionospheric wave propagation in
the polar ionosphere, outside the standard radio window. Further details and
observations that were made are examined and discussed at length in the ac-
companying papers. These results could be achieved as a method was devel-
oped, to calculate the ionospheric electron density to a higher accuracy than
previously achieved. This has enabled the calculation of high-accuracy altitude
profiles of the plasma- , upper hybrid- and multiple cutoff frequencies. The
method for these calculations is explained in detail in the next chapter.





Chapter 5

Determination of electron density
from plasma line frequency
spectra

Electron density is typically determined from the total power of the ion line
spectra of the backscattered signal, measured by the radar. The accuracy of
the electrondensity is thus limited by the accuracy of the powermeasurement,
which may vary significantly depending on the signal-to-noise ratio. It is also
possible to calculate the electron density from the natural Langmuir waves in
the ionosphere (see Chapter 3.1). These can be observed in the plasma line
spectra of the EISCAT UHF radar. The accuracy then is limited by the accuracy
of the enhanced frequency observations rather than power. A method for de-
termining the ionospheric electron density profile from the natural Langmuir
wave frequency observations in the plasma line spectrawas derived and forms
an important step in the data analysis done for results presented in this the-
sis. The accuracy and range resolution is significantly higher than previously
achieved. In this chapter, this method is described in detail and the accuracies
of the new method are compared to that of the previous method.

The natural Langmuirwave frequency canbeobserved in the plasma line spec-
tra of the EISCAT UHF radar, as enhancements at a narrow range of frequen-
cies and varyingwith altitude. During the experiments presented in this thesis,
these spectra had a minimum time resolution of 5 seconds, range span from
107 to 374 km with a minimum range gate resolution of 3 km, and a spectral
range of ±1.25MHz with a resolution of 3.125 kHz for the three plasma line
channels available, centered at –3.6MHz, –6MHz and –8.4MHz (Tjulin, 2017).
A typical observation of one downshifted plasma line spectra from the second
channel, centered at –6MHz, when no HF modification wave is transmitted, is
shown in Figure 5.1. In the left panel, the unfiltered spectra are shown, while
the right panel shows the filtered spectra with the simple filter, shown in the
insert, used at all altitudes. A very weak trace of the naturally enhanced Lang-
muir wave frequency-altitude profile can be detected by visual inspection.

65



66 CHAPTER 5. DETERMINATION OF ELECTRON DENSITY

Figure 5.1: Example of 5-second integrated plasma line spectra for altitudes from
∼111 km to∼350 km. The left panel shows the unfiltered spectra centered at –6MHz.
The noise in thismeasurement increases toward the center of this frequency channel.
The right panel shows the same spectra with the simple filter, shown in the inset,
applied at all altitudes, to reduce noise. A very faint trace of the naturally enhanced
Langmuir wave signal can be seen between the arrows.

The plasma line spectra thus filtered, are integrated over one minute and
further low-pass-filtered. The naturally, photo-electron enhanced, Langmuir
waves are now clearly visible, as the random background noise changes be-
tween each framewhile the naturally enhanced Langmuir wave signal remains
unchanged on very short timescales. An example is shown in the left panel of
Figure 5.2. The enhanced backscatter is visible from∼220 km to∼340 km, and
includes the ionospheric peak frequency in the F layer. Signals larger than 5
standard deviations from the mean, one-minute averaged background noise
are identified as enhanced plasma line backscatter. The lower right panel in
the figure shows four examples of these enhancements at different altitudes
around the maximum frequency in the F layer. These points are then used to
create a curve fit, f ∗

−, to the measured frequency altitude profile of the Lang-
muir waves. These are indicated by blue circles and the green curve, respec-
tively, in the upper right panel of Figure 5.2.

The electron density is calculated from the estimate of the Langmuir wave
frequency profile, f ∗

−. A theoretical expression for the resonance frequency of
the downshifted backscatterd signal of the natural Langmuir waves, f−, was
presented by Hagfors and Lehtinen (1981). It includes the dispersion relation
of the waves and is dependent on the frequency, fradar (and ωradar), and angle
of incidence, θ, for the radar wave, as well as both ne and Te.
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Figure 5.2: Example of the filtering and curve fitting to the natural Langmuir waves
observed in the plasma line spectra. The left panel shows one-minute integrated and
FFT low-pass-filtered plasma line spectra. The naturally enhanced Langmuir waves
are now clearly visible. The upper right panel shows the same spectra with signals
stronger than 5 standard deviations from the mean background noise indicated by
light blue circles. These are then used for the curve fit, indicated in green, to estimate
an expression for the frequency altitude profile of the Langmuir waves. Four exam-
ples of these enhancements, at different altitudes, indicated by the colored number
on the right, are shown in the lower right panel.

It is given by
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To determine ne, f ∗
− is substituted for f− in the expression and an estimate

for the electron temperature, Te, is required. In this thesis, the 30-second in-
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tegrated Te profiles calculated from the ion line spectra (a standard measure-
ment for all EISCAT experiments) has been used. The temporal and spatial
resolution of those Te profiles are the same as the temporal and spatial res-
olution of the electron density calculated from the total backscattered power
of the ion line. The Te measurements are interpolated in range for the sub-
sequent calculations, since heat conduction along the magnetic field in the
F region is efficient and no sharp gradients in Te should exist here (when no
HF modification wave is present). Nonetheless, Te contributes only to a small
correction term in Equation 5.2. This is illustrated in Figure 5.3. It shows ne

calculated for the example in Figure 5.2 in the left panel. The right panel in-
dicates Te obtained from the ion line, used in the calculations of ne shown in
the left panel. Dark and light orange shaded areas indicate a 10% and 30% er-
ror calculation of the temperature, respectively. It is apparent from this that a
30% error in the electron temperature estimate leads to a relatively small cor-
rection of the calculated electron density, seen in the correspondingly shaded
areas in the left panel.

In addition to errors from Te measurements, an uncertainty arises from the
curve fit to the natural Langmuir wave frequency. An estimate of this er-
ror is made using the mean of the full-width-half-maximum of the enhanced
backscattered plasma line signal used for the fit, of which four examples are
shown in the bottom right panel of Figure 5.2. That is, all enhancements 5
standard deviations over the mean background noise indicated by the light
blue circles in the upper right panel of Figure 5.2. For the example presented
here and the results presented in the enclosed papers of this thesis, this corre-
sponds to ±20–30 kHz. Two factors contribute to the width, and thus the un-
certainty, of the frequencymeasurement. The first is the low-pass filtering that
is used to reduce noise, while the second is the change in electron density (and
thus a change in the Langmuir wave frequency) over altitude ranges smaller
than the range resolution of the measurements. The light purple shaded area
in Figure 5.3 indicates the uncertainty in the ne calculations that this calcu-
lated frequency error contributes. An estimate of a total error is obtained by
adding the uncertainty from the 10% Te error estimate and the error from the
frequency fit.

A comparison between ne obtained from the ion line measurements (red) and
the plasma linemeasurements (blue) and their respective error estimates, are
shown in Figure 5.4. There it is clearly visible that using the plasma line obser-
vations of the Langmuir waves increases the accuracy of the ne measurements
significantly. To estimate the uncertainty of ne obtained from the ion linemea-
surements, one standard deviation of the electron density measurements is
calculated, for the same time interval that is used for the integration of the
plasma line data. In addition to amore accurate ne estimate, a major improve-
ment is made to the altitude resolution of the estimate. When calculated from
the ion line, the altitude resolution decreases with increasing altitude, typically
varying between 10 and 20 km for altitudes from 200 to 300 km. When using
the plasma line for the electron density calculations, the theoretical altitude



69

Figure 5.3: The electron density as calculated from observations of the natural Lang-
muir wave frequency in the plasma line spectra of the EISCAT UHF radar, from the ex-
ample presented in Figure 5.1 and 5.2, and Equation 5.2, is shown in the left panel. The
calculations depend on an estimate of the electron temperature, which is obtained
from the 30-second integrated ion line measurements, shown in the right panel. The
dark orange shaded area indicates a 10%errorwhile the light orange shades area indi-
cates a 30% error of the temperature estimate. The purple shaded area indicates the
calculated error of the frequency estimate. Comparing the two light orange shaded
areas in the left and right panels, it can be seen that a large error in the temperature
estimate leads to only a small correction of the electron density estimate.

resolution is the same as that of the plasma line spectra, which is ∼3 km for
the experiments presented in this thesis.

The frequency range and altitude range of the natural Langmuir waves in the
ionosphere varies as ne and Te in the ionosphere vary. The electron density
as estimated from the naturally enhanced Langmuir waves is only valid for al-
titudes where a these are observed, which is typically considerably less than
the altitude range of the ion line observations. A good estimate of the alti-
tude profile of the Langmuir wave frequency depends on a good curve fit to
the natural plasma line enhancements. This can only be obtained when the
natural enhancements are detectable, that is the integrated plasma line is sig-
nificantly stronger than the background noise level. The integration time can
be adjusted to obtain a stronger signal, depending on the temporal variabil-
ity of the ionospheric parameters. That is, if the Langmuir wave frequency in
the ionosphere changes on shorter time scales than the minimum integration
time needed to get a sufficiently strong signal, this method can not be applied.
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Figure 5.4: Altitude profile of the electron density as calculated from the ion line spec-
tra (red) and from the naturally enhanced Langmuir waves in the plasma line spectra
(blue). The shaded red area indicates the 1σ uncertainty calculations while the blue
shaded area indicates the calculated uncertainty of the electron density calculation
from the plasma line spectra.

Consequently this method does not give a good ne measurement of the short
temporal variations during ionospheric modification experiments, such as the
generation of FAIs. However, neither do the electron density measurements
calculated from the ion line spectra.

Ionospheric modification experiments can produce different plasma and ion
line enhancements (see Chapter 3.2) that will affect the algorithm determin-
ing the signals of the natural Langmuir wave frequency. Additionally, the data
resolution and quality of the plasma line spectra obtained by the EISCAT radar
may vary. Hence themethod for the determination of the electron density de-
scribed above may be time-consuming, since some manual inspection often
is needed. Nonetheless, this method is a significant improvement to the pre-
vious method, that provides the standard ne estimate of the EISCAT data, and
should be considered as an alternative in future experiments and studies.



Chapter 6

Conclusions and future work

The work presented in this thesis contributes to widen our understanding of
electromagnetic wave-plasma interactions and plasma dynamics in the near-
Earth-space. In this final chapter, the results and conclusions that have been
reached are summarized in the first section. Suggestions for future work and
some unanswered questions are raised in the second section.

6.1 Conclusion
This purpose of this thesis is to describe the generation and characteristics
of transionospheric wave propagation during ionospheric modification ex-
periments in the polar ionosphere. It includes the first observations of sys-
tematically recurring, enhanced topside ion line spectra, generated by the
high-power, high-frequency modification wave propagating through the iono-
sphere, outside the standard radio window. Multiple experiments were con-
ducted at the EISCAT facilities near Tromsø, Norway. The modification waves
were transmitted using EISCATHeating andplasmaparameterswere obtained
with the collocated EISCAT UHF radar. A method and algorithm for the calcu-
lation of high-accuracy altitude profiles of the electron density has been de-
veloped, enabling the computation of altitude profiles for the plasma- , upper
hybrid- , and multiple cutoff frequencies. With this, it has been possible to
identify two separate cases of topside HF enhanced ion lines (THFIL), providing
evidence of transionospheric wave propagation. An apparent gyroharmonic
effect at the top- and bottomside ionosphere has been found for both cases,
the temporal evolution of the THFIL have been characterized, as well as their
location in altitude and relative to the standard radio window and magnetic
zenith. Further, a plausible development of the propagation process from
transmission to the observations has been established. The key findings are
summarized as follows:

• Two cases of THFIL are identified. In Case A the THFIL are observed when
fHF is at or just below the fourth harmonic of the double resonance fre-
quency, 4fdbl = fUH = 4fG, at the topside, while no simultaneous BHFIL
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were observed at these pump frequencies. In Case B all THFIL are ob-
served simultaneous to BHFIL, for fHF at or just below 4fdbl at the bot-
tomside ionosphere. The THFIL spectra are similar in both cases, while
BHFIL spectra appear different for the two cases.

• The enhancements develop and increase, as fHF approaches 4fdbl, on the
topside for Case A and bottomside for Case B. All experiments and obser-
vations of THFIL were done in theMZ direction, well outside the standard
radio window. Further, the altitude at which THFIL were observed, was
at or very close to the reflection altitude where fP = fHF .

• The following development of the process, as an HFmodification wave is
injected into the ionospheric plasma, is proposed. An incident O-mode
wave is guided by electron density irregularities generated by the HF
wave, and guided into the strictly magnetic field aligned L mode. As the
incident wave approaches the altitude where fP = fHF , it’s dispersion
relation can pass from the that of the O mode dispersion surface, along
the Lmode edge, to that of the Zmode dispersion surface. The wave can
continue propagation to regions of higher plasma density, instead of be-
ing reflected. Thus the incident wave can pass the reflection altitude and
propagate to the topside ionosphere and space.

• The altitude distribution of electron heating due to an incident pump
wave is affected differently depending on the direction of propagation. A
pump wave propagation in the L mode along the magnetic field aligned
direction can penetrate deeper into the plasma and thus facilitate elec-
tron heating to higher altitude ranges than pump waves propagating in
directions deviating by as little as 1◦.

Overall, the experimental results demonstrate that transionospheric wave
propagation is possible in directions away from the standard radio window.
The observational results were analyzed and a likely physical explanation was
presented. Further, enhanced, pump wave induced, topside ion line spectra
were consistently generated and these appear to be asymmetrically condi-
tioned by the proximity of the pump wave to the double resonance frequency
both on the topside and on the bottomside ionosphere, depending on the
case of THFIL.

This work has investigated an intricate case of electromagnetic wave prop-
agation in magnetized plasma. The study of electromagnetic wave and
plasma interactions through ionospheric modification experiments broadens
our knowledge and understanding of the underlying physics. Results in this
particular field are of interest in a variety of other research fields including
all parts of space research and laboratory plasma research. As large part
of our modern day technology and communication is increasingly dependent
on electromagnetic waves and their interaction and propagation, the under-
standing of these is essential and the continued research in this field is of im-
portance.
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6.2 Future work
The findings of this thesis provide a foundation for many new research ideas
and opportunities. Two categories of directions appear particularly interesting
for future investigations, and for these some suggestions are listed below.

Transionospheric wave propagation experiments in conjunction with
other instrumentation

Although there are still numerous open questions and ideas for future exper-
iments that can be explored using incoherent scatter radars as described in
this thesis, one apparent opportunity for future investigations is to coordinate
experiments with other instrumentation. This would expand the measurable
parameters, effects and possible directional differences that are otherwise not
observable. A variety of different instrumentation exists that is suitable for
this. Below, four suggestions are given that can contribute to the current un-
derstanding of electromagnetic wave propagation through the ionosphere.

Coordinating experiments using the Hankasalmi HF radar of the Super Dual
Auroral Radar Network (SuperDARN) is one such possibility. By using appro-
priate radar parameters for an experiment, the electron density irregularities
can be measured at different scale sizes, and raytraces of backscatter from
these can be obtained to investigate the spatiotemporal evolution of the ir-
regularities that permit wave propagation through the ionosphere.

Likewise, measurements of Stimulated Electromagnetic Emissions (SEE) dur-
ing transionospheric wave propagation would likely expand our understand-
ing of the involved plasma processes and could possibly provide an insight
into the observed gyroharmonic effect that has been observed.

Further, the possibillity of using satellite measurements in conjunction with
transionospheric wave progagation experiments has previously been demon-
strated by Leyser et al. (2018). There are numerous satellites with a suitable
orbit and instrumentation (e.g. DMSP, SWARM) that would expand the range
of possible experiments and potentially greatly enhance our understanding of
the processes involved.

One immensely valuable opportunity would be the possibility to conduct tran-
sionospheric wave propagation experiments with the EISCAT UHF radar and
upcoming EISCAT3D measuring the plasma parameters simultaneously. In
fact, this would be beneficial to any ionospheric modification experiment con-
ducted at EISCAT Heating. However, its possibility depends on the future de-
velopments of EISCAT.

Some of the open questions that could be answered by the suggestions above
are:

• How much of the wave energy is propagated from the bottom to the
topside ionosphere?
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• How is the polarization of the propagating wave affected at the topside
interaction region?

• Does the transionospheric wave generate SEE at the topside ionosphere?

• What is the relationship and importance of the transionospheric wave
frequency and the effect of the proximity to the double resonance fre-
quency that is observed?

• Why are there two separate cases of topside HF enhanced ion lines?

• What is the spatiotemporal evolution of the density striations that allow
for transionospheric wave propagation?

Electron density determination algorithm

The method for determining the electron density described in Chapter 5 pro-
vides a significant improvement of the accuracy and precision of the electron
density measurements. However, it involves manual inspection and depend-
ing on the data resolution and quality this can be very time consuming. The
use of machine learning techniques and neural networks is well established
and they can process very large data-sets and be applied to a variety of prob-
lems. Preliminary studies have shown that deep convolutional neural network
techniques from machine learning can be applied to find ionospheric traces
in ionogrammes (Vierinen and Kvammen, 2021). Applying these techniques
to find and identify the naturally enhanced Langmuir waves in the EISCAT
plasma line spectra would greatly improve the current electron density mea-
surements and open new possibilities for research where a higher accuracy
is critical. Developing this method and a robust algorithm to identify suitable
plasma line spectra data, and integrating it to the current analyses tools and
thus the standard plasma parameter output of the radar, has the potential
to expand and enhance the usefulness of existing and future EISCAT data. It
would also be highly relevant for future data from the upcoming EISCAT3D
radar, where multistatic, plasma line observations will make it possible to de-
termine the electron velocity field.

Fly on, space penguin. Fly on.
— The Gentleman’s Armchair
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Abstract We present first incoherent scatter radar observations of systematically recurring,
high-frequency (HF)-enhanced ion line spectra at the topside F-region ionosphere, during magnetic field
aligned HF pumping in an O-mode polarization. The European Incoherent Scatter UHF radar was directed
in magnetic zenith on 9–11 March 2016 while stepping the pump frequency across the double resonance
of the fourth harmonic of the electron gyrofrequency and the local upper hybrid frequency, in a 3-min-on,
3-min-off pump cycle. Topside and bottomside enhancements occur at the respective plasma resonance
altitude and seem to be asymmetrically conditioned by the relative proximity of the pump frequency to the
double resonance frequency. Further, the topside HF-induced ion line enhancements predominantly appear
while the pump frequency is just below the double resonance frequency and only simultaneous to strong
bottomside enhancements. A powerful, HF radio wave in O-mode, transmitted in the direction of magnetic
zenith is reflected a few kilometers below the plasma resonance altitude, where the pump frequency is
equal to the local plasma frequency, on the bottomside F-region in the ionosphere. Transionospheric
propagation of the pump wave outside the radio window can be facilitated by density striations in the
plasma, and we consider, in detail, the possible mechanisms proposed for propagation outside the standard
radio window.

1. Introduction

A high-power, high-frequency (HF) O-mode radio wave with frequency lower than the peak ionospheric
plasma frequency can drive a number of processes when it reaches the ionosphere. Depending on the power
and polarization of the HF wave and the local plasma parameters, these include generation of small scale den-
sity depletions (e.g., Kelley et al., 1995; Honary et al., 1999), enhanced electron temperatures (e.g., Robinson
et al., 1996; Rietveld et al., 2003), stimulated electromagnetic emissions at frequencies around the pump fre-
quency (Leyser, 2001, and references therein) and enhanced optical emissions (e.g., Gustavsson et al., 2006;
Kosch et al., 2002; Rietveld et al., 2003). Many of these responses vary in magnitude and character when the
pump frequency, fHF , varies, especially so when fHF is close to a multiple, n, of the electron gyrofrequency, fg,
in the upper hybrid resonance layer. A vertically propagating, O-mode polarized pump wave has a reflection
point, or cutoff, when it reaches an altitude where its frequency is equal to the local plasma frequency, fP. Due
to refraction in the ionosphere, rays at angles larger than the Spitze angle (equation (1)) will reflect at slightly
lower altitudes (Rietveld et al., 1993). Signatures of pump wave propagation beyond the reflection height to
higher altitudes and regions of higher plasma frequency and density was first observed in ionograms (Ellis,
1956). In incoherent scatter radar (ISR) measurements, effects of the HF pump wave above the O-mode reflec-
tion height were first observed at midlatitudes (Ganguly & Gordon, 1983) and later at high latitudes (Isham
et al., 1990). For this to occur, certain conditions have to be met.

An O-mode pump wave propagating in a strictly field aligned direction, k∥B0 and k⟂ = 0, is a left-hand
circular polarized (LHCP) wave, and at the point where fp = fHF , it can pass trough a narrow (∼ 1∘) radio win-
dow (Mjølhus, 1990). This limiting case of a wave that is strictly field aligned is known as an L-mode wave
(Chen, 1983). For altitudes where the pump frequency is higher than the local plasma frequency, fHF > fp,
the wave is in LHCP O-mode with the corresponding dispersion relation, while for altitudes where the pump
frequency is lower than the local plasma frequency, fHF < fp it is a LHCP X-mode wave (see Figure 1 in
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Nordblad & Leyser, 2010). The X-mode branch of the L-mode wave is also known as the Z-mode (Mjølhus,
1990), but the Z-mode usually refers to all wave vectors from parallel to perpendicular to the magnetic field.
The standard radio window for an O-mode pump wave is at the Spitze angle,

sin(𝜃c) = sin(𝛼)
√

Y
1 + Y

(1)

with Y = fg

fHF
and 𝛼 is the angle of the magnetic field from vertical, in a horizontally stratified ionosphere

(Budden, 1980). The Spitze angle is that angle of incidence for which an O-mode wave, transmitted from the
ground, has refracted to being magnetic field aligned (k ∥ B0) when reaching the plasma resonance height.
At the European Incoherent Scatter (EISCAT) facility in Tromsø the radio window is between 𝜃c = 5∘−6∘ south
from vertical, depending on the pump frequency (Isham et al., 1996).

Four possible mechanisms for propagation of a pump wave beyond the reflection height, outside of this
narrow radio window, have been proposed. The first is the introduction of new artificial radio windows by
large-scale density striations in the ionosphere that guide an O-mode wave such that the transmission con-
ditions are met outside the standard radio window (Leyser & Nordblad, 2009; Nordblad & Leyser, 2010). Such
density ducts, with horizontal scales on the order of a kilometer, can exist naturally (e.g., Fejer & Kelley, 1980;
Gurevich et al., 1995) or can be efficiently generated by the O-mode HF pump wave (Gurevich et al., 1998;
Kelley et al., 1995; Leyser & Wong, 2009; Utlaut & Violette, 1974, and references therein). If the propagating
wave does not encounter the L-mode cutoff at,

fHF = fL = −
fg

2
+ 1

2

√
f 2

g + 4f 2
p (2)

after passing through a radio window, it continues propagating to higher altitudes and can reach the
topside ionosphere (Eliasson et al., 2012; Mjølhus & Flå, 1984), and continue to propagate into space
(Leyser et al., 2018).

The second mechanism is a resonant scattering process of the pump wave on small-scale, field aligned, density
irregularities (Mishin et al., 2001). Here the incident O-mode pump wave can efficiently be transformed in
to a Z-mode wave as a result of scattering on the field aligned striations at the bottomside ionosphere. As
the propagating wave reaches the topside, several turbulent processes may occur and transform the wave
to O-mode and electrostatic waves at this altitude. The small-scale density striations are strongly excited by
the resonance instability (Vas’kov & Gurevich, 1977), and models for their nonlinear stabilization have been
obtained (Gurevich et al., 1995; Istomin & Leyser, 1997).

Eliasson (2008) has simulated a propagation process for low duty-cycle experiments, minimizing the effect of
density irregularities, with vertically propagating O-mode waves. Here the incident O-mode wave is efficiently
converted to Z-mode waves within a few milliseconds, due to Langmuir turbulence, at the reflection altitude.
The Z-mode wave will propagate to higher altitudes and reach the topside reflection altitude. This mechanism
is effective only for low duty cycles and pump waves that reach the resonance altitude, and thus not a probable
explanation for the observational results of our experiment.

A fourth mechanism for producing topside enhancements at midlatitudes (Vas’kov et al., 1995) has been pro-
posed by Vodyanitskij et al. (1974), in which resonant electrons at the bottomside, exited by the pump wave,
carry the plasma oscillations to the topside ionosphere. We consider this effect to be unlikely for our obser-
vations due to the large distance between the top and bottomside ionosphere. Neither thermal- nor photo-
electrons have a long enough mean-free-path length (∼ 4, 2.5, and 10 km at 220 km for 1, 10, and 100 eV,
respectively) to reach the topside F-region with flux modulated by the pump frequency, at the bottomside
ionosphere resonance altitude.

Enhancements of the backscattered power in the ion and plasma lines of ISR measurements in the ionosphere,
due to high-power HF wave pumping, have been observed many times (e.g., Ganguly & Gordon, 1983; Isham
et al., 1990; Isham, Rietveld, et al. 1999; Isham, Hagfors, et al. 1999; Kosch et al., 2011; Rietveld et al., 2002).
Isham et al. (1990) reported ion-line enhancements at the topside and bottomside of the F-region observ-
able during the first 10-s period after heating on in magnetic zenith. During their experiment, topside HF
ion line enhancements (THFIL) were sporadically observed from one heating on pulse to the next. In 1997,
Isham, Rietveld, et al. (1999) performed a second experiment where THFIL were clearly seen in the data from
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Figure 1. Schematic of the experiment setup. Red and blue lines illustrate
the altitude profile of the local upper hybrid- and plasma frequency,
respectively. Pink diagonal lines show harmonics of the electron
gyrofrequency, while the green shaded area indicates the frequency range
in which the HF pump wave stepped.

both the UHF and VHF radar at the EISCAT site in Tromsø. Again, observa-
tions showed clear THFIL and the the authors attribute the observations
to a coupling of the O-mode wave to the Z-mode at the altitude where
fp = fHF and the pump wave is parallel to the magnetic field, k ∥ B0,
that is, the radio window. Mishin et al. (2001) suggested the resonant scat-
ter process of the pump wave, facilitating a conversion from O-mode to
Z-mode waves on small-scale field-aligned irregularities as the cause for
these observations. Nordblad and Leyser (2010) also suggest that L-mode
propagation through heater induced radio windows can not be ruled out
as an explanation for the Isham, Rietveld, et al. (1999) observations. In
an experiment studying the angular extent of the radio window in 2004,
Kosch et al. (2011) observed clear topside enhancements during a low duty
cycle (3.3%), heating experiment pointed in a direction 9∘ south of zenith.
They present observations indicating the location of the bottomside radio
window to be around 7∘–8∘ south of zenith, arguing that this can be
explained by a tilt in the ionosphere, that was observed in the Dynasonde
data during the experiment. Interestingly, they observe the equatorward,
2∘–3∘, displacement of the topside enhancements relative to the bottom-
side radio window, first predicted by Mjølhus and Flå (1984). Most recently,
Leyser et al. (2018) presented possible evidence of L-mode propagation
through the F-region, where fOF2 > fHF , into space.

In this paper we present first observations of systematically occurring
HF-enhanced ion line spectra from the topside ionosphere when stepping
through the fourth electron gyroharmonic frequency. During a heating
experiment on 9–11 March 2016 at the EISCAT facility near Tromsø, Nor-
way, clear THFIL from the F-region were observed in 33 out of 90 heating

on pulses. The HF pump frequency of each on pulse was stepped through the fourth harmonic of the electron
gyrofrequency. Observations of the natural ionospheric Langmuir waves, enhanced by photo electrons dur-
ing daytime conditions, in the plasma line spectra of the UHF radar have been used to calculate the electron
density giving the critical plasma frequencies in the ionosphere with an unprecedented accuracy. This allows
us to determine that THFIL occur in the plasma resonance region where, fP = fHF , in the ionosphere. A gyro
harmonic effect of the THFIL and bottomside ion line enhancements (BHFIL) was detected, when the pump
frequency was near the double resonance of the local upper hybrid frequency and the fourth harmonic of the
electron gyrofrequency. The upper hybrid resonance region has been studied extensively, and the “double
resonance” frequencies of the different electron gyro harmonics have been shown to be of great importance
and is the focus of a large body of research (see, e.g., Ashrafi et al., 2007; Borisova et al., 2014; Dhillon &
Robinson, 2005; Grach et al., 2016; Gustavsson et al., 2006; Honary et al., 1995; Honary et al., 1999; Kosch et al.,
2002; Leyser et al., 1989; Stubbe et al., 1994; Robinson et al., 1996, and references therein).

We present the first observations of topside HF-enhanced ion line spectra, as well as first experimental results
of a gyro harmonic effect of the enhancements. All topside enhancements are compared and analyzed in the
context of the critical plasma frequencies in the ionosphere.

2. EISCAT Heating and UHF Radar
On 9–11 March 2016 EISCAT Heating (Rietveld et al., 2016) was operated in a 3-min-on, 3-min-off cycle, trans-
mitting LHCP HF radio waves in the magnetic zenith direction, which upon reaching the ionosphere have
most of their energy in the O-mode. The experiments were conducted during quiet geomagnetic daytime
conditions from 10:00 UT to 13:00 UT on all 3 days. During the 3-min-on pulse, the pump frequency, fHF , was
kept constant for 1 min, then increased in steps of 10 or 20 kHz every 10 s for 2 min. The pump frequency was
chosen such that it was stepped through the double resonance of the local upper hybrid frequency, fuh, and
the fourth harmonic of the electron gyrofrequency, 4fg,such that the condition

fHF = fuh = 4fg (3)

was met at some point in the bottomside ionosphere, during the frequency stepping. Here f 2
uh = f 2

g + f 2
p . The

effective radiated power (ERP) on 9 March was 359 MW at 5.35 MHz O-mode heating with 12.5 MW X-mode
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Figure 2. Electron temperature (top), backscattered ion line power (middle) and pump frequency (bottom) for
9–11 March 2016. Blue dots in the bottom panels indicate heating pulses during which topside ion line enhancements
are observed. Black arrows highlight some, but not all, enhanced backscatter in the ion line power at the topside
ionosphere.
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Figure 3. Example of a 1-min integrated and low-pass-filtered plasma line spectra data from 11 March 2016 at 10:22 UT,
which is used to calculate a curve fit to the natural Langmuir wave enhancements. Blue circles indicate signals that are 5
standard deviations above noise level, which are used to find the fit shown in green.

“leakage” and a beamwidth of 7.0∘ in the north-south plane. On 10 March the ERP of the heater was 330 MW at
5.35 MHz, with a beamwidth of 7.2∘, while on 11 March, the ERP was 363 MW at 5.42 MHz, and the beamwidth
was 7.0∘.

A schematic of the experiment setup is shown in Figure 1, where the red and blue lines illustrate the altitude
profile of the upper hybrid and plasma frequency. Gyrofrequency harmonics are sketched in pink, and the
frequency band in which we step the HF pump wave is shown in green to give an overview of important
frequencies involved in the experiment and their relation. From this illustration we see that for a portion of
each 3-min-on pulse, the pump frequency will be just below and just above the double resonance frequency,
as we step through it by increasing the pump frequency.

The ionospheric response of the HF modulation wave was observed using the colocated EISCAT UHF radar,
also pointing in the direction along the local magnetic field. The IS-radar measurements were done with
the “beata” program (see Lehtinen & Huuskonen, 1996; Tjulin, 2017, and references therein). Only lags out
to 410 μs are computed, which gives a frequency resolution of 2.4 kHz. Range gates are computed from 49
to 693 km of range, with 5-s temporal resolution and 3-km range resolution. In addition, the plasma line is
sampled at 0.4 μs, covering a 2.5-MHz wide band offset from the transmit frequency by 8.4, 6, and 3.4 MHz,
and covering ranges from 107 to 374 km. During the experiment strong backscatter from the natural existing
Langmuir waves in the ionosphere were observed, mostly in the −6 MHz band of the downshifted plasma
spectra.

Figure 2 shows summary plots of the experiment and results from 10:00 UT to 13:00 UT for 9 (top), 10 (mid-
dle), and 11 (bottom) March 2016. The upper panel for each day shows the electron temperature modulated
by the HF pumping. The response in the backscattered power of the ion line is shown in the second panel.
Arrows indicate some, but not all, examples of the strongest THFIL backscatter we observe, which are apparent
even in these overview figures. In the bottom panel the heating on/off times and frequency are shown. Blue
dots indicate all HF pump pulses where clear topside ion line enhancements are found during the analysis.
Several plasma line spectra are observed, where strong enhancements at different frequencies and altitudes,
coincidental with the HF pump wave. These are not discussed in detail in this paper.

3. Determination of Electron Density From Plasma Line Frequency Spectra
From the downshifted UHF power spectra it was possible to identify the frequency of peak power from the
backscatter of natural Langmuir waves in range gates from about 180 to 320 km. This made it possible to
obtain an accurate estimate of the electron density. From the Langmuir wave altitude profile we calculate the
electron density, adapting the relevant parts of the method for temperature determination from plasma line
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Figure 4. Altitude profile of electron density calculated during heating off
from the ion line and plasma line spectra obtained from the UHF EISCAT
radar on 11 March 2016 at 10:17:00 UT. The red shaded area shows the 1𝜎
uncertainty level for the ion line density calculations, while the blue area
shows the reasonable uncertainty for the electron density as calculated from
the plasma line.

observation described by Hagfors and Lehtinen (1981). Solving the dis-
persion relation for the downshifted plasma line, f−, for the density, Ne we
obtain the physically relevant solution:

Ne =
(

me𝜖0

q2

)[
−y +

√
y2 − 4xz

2x

]2

(4)

where

x = 1
2𝜋

+
3Te

4me𝜋c2
, y = f− −

6Tef0

c2me
, z =

12𝜋Tef 2
0

c2me

where f0 is the UHF radar frequency and c the speed of light. Te and me are
the electron temperature and mass respectively.

We used standard ISR parameters estimated from 30 s integrated ion
line data for the electron temperature, necessary for these calculations.
Although the altitude resolution of this electron temperature data is the
same as for the estimated electron density parameter, obtained from the
ion line, Ne is weakly dependent on Te. Thus, Te only contributes with a
small correction term to Ne in equation (4). The densities obtained from
this calculation are used to calculate O-, X-, and L-mode cutoff frequen-
cies and the plasma- and upper hybrid- frequency, which are used in the
analyses presented in this paper.

An example of 1-min integrated and low-pass-filtered, plasma spectra
from 100 to 340 km, between −7.25 and −4.75 MHz, on 11 March 2016
at 10:22 UT are shown in Figure 3. The green line indicates the calculated
curve fit to the signal of the natural Langmuir waves. Backscatter from the
natural Langmuir waves are clearly visible for 80–90 km in altitude around
the F-layer maximum frequency, around 280 km. Weaker backscatter from

these is distinguishable well above the background noise, also for altitudes down to around 220 km and up to
around 320 km, for this time interval. For most spectra from this experiment, the range where a clear power
enhancements from Langmuir waves was detected was between 180 and 320 km and for frequencies below
−5.25 MHz. The curve fit in frequency and altitude is obtained from signals where the power enhancements
are 5 standard deviations or more above the mean noise level, at that altitude.

Previously, the electron densities have been obtained from ion-acoustic waves detected in the ion line spec-
tra of the EISCAT radar. The altitude resolution obtained through this method decreases with height and is
≈20–25 km around 150–350 km, and hence, the accuracy and precision of the densities calculated from these
is restricted. In Figure 4 we compare the altitude profile of the electron density as calculated from the ion and
plasma line on 11 March 2016 at 10:17:00 UT. The red shaded area indicates 1 standard deviation for the ion
line density data as calculated from the same time interval as was used for the curve fit to the natural Langmuir
wave enhancements in the plasma line. The blue shaded area indicates the uncertainty of the electron den-
sity calculated from the plasma line. This uncertainty was obtained by combining 1 standard deviation for the
temperature, 𝜎Te, with an assumed frequency uncertainty, 𝜎f , of 20 kHz, which corresponds to the mean half
width, half maximum of the power enhancement signals of the plasma line. Comparing the altitude resolution
and the calculated accuracy of these, as in the example in Figure 4, it is clear that the densities calculated by
this method, from the natural Langmuir wave signatures observed in the plasma spectra, improve our results
significantly for the altitudes where naturally enhanced plasma line data are available.

4. Data Analyses and Results
We now look at the observations made by the UHF radar during the frequency stepping of the pump wave,
focusing only on the 3-min-on pulses where we observe topside enhancements of the ion line spectra. Clear
topside enhancements were detected during 33 heating on pulses on 9–11 March 2016. The examples of
the enhancements on the topside ionosphere shown in the following section are all from separate heating
on pulses, in order to emphasize and demonstrate the systematic occurrence of the THFIL with respect to the
double resonance frequency.

REXER ET AL. 6



Journal of Geophysical Research: Space Physics 10.1029/2018JA025822

Figure 5. Example of an ion spectra showing topside enhancements on 11 March at 12:49:20 UT (left). The top and
bottom panels on the right show the line spectra at the altitude of the strongest enhancements for the top and
bottomside ionosphere, respectively.

Figure 5 shows a typical example of the ion line enhancements from 12:49:20 on 11 March at the instant
during the on pulse where the topside enhancement is the strongest. The figure shows the first published
observations of the THFIL spectra. The left panel shows an instant in time, of the backscattered power in the
ion spectra range, where the bottom and topside enhancements are clearly visible during HF pumping. The
upper and lower right panel show line plots, of the same spectra as in the left panel, at the altitude of the
strongest enhancement for the topside and bottomside, respectively. Note that the scales of the line plots
for the topside and bottomside enhancement are different and that the backscattered power from the top-
side is weaker by an order of magnitude. We observe this difference in backscattered power for most pulses.
Signatures of the natural ion line spectra are seen at all altitudes. To isolate the HF-enhanced backscatter, the

Figure 6. The time evolution of the averaged backscattered power in the ion line spectra for one 3-min-on pulse from
10 March at 12:18 UT. The bottom panel shows the pump frequency and double resonance frequency.
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Figure 7. Four examples of 3-min pulses where we see clear topside enhancements. The left plot in each panel shows the critical frequencies calculated from the
observed natural Langmuir waves. The blue line indicates the L-mode cutoff (equation (2)), the red is the local plasma frequency, purple shows the fourth
harmonic of the electron gyrofrequency, while the green vertical line indicates the frequency of the transmitted O-mode pump wave. Right panel shows the 5-s
mean backscattered ion line power during a 3-min-on pulse. The vertical green line indicates the time corresponding to the left panel plot.

natural ion line backscatter is calculated from a 1-min heating off period immediately before start of a new
heating on period and subtracted from all ion spectra in the following 3 min of heating on. This background
subtraction is done for all following ion spectra presented here.

Figure 6 shows the temporal evolution of the mean, 5-s integrated, ion line power during the on pulse starting
at 12:18:00 UT on 11 March. The transmitted pump frequency is indicated in blue in the lower panel along
with the frequency of the double resonance in red. The overshoot effect (Stubbe, 1996) is apparent in the first
5 s of the heating on period. Starting at 12:19:20 UT in the 213-km altitude range gate, the BHFIL is clearly
seen until 12:20:35 UT where the strongest enhancement is in the 222-km altitude range gate. The topside
enhancement, for this pulse, appears weakly first at 12:20:05 UT at 316 km and is visible for 30 s until 12:20:35
UT, where it is strongest at 310 km. The altitude resolution of the radar in this experiment is around 3 km so the
respective decrease and increase in the altitude of the strongest THFIL and BHFIL corresponds to 3 and 2 steps
in altitude. That is ∼9 and ∼6 km, respectively. The increase and decrease of altitude of the enhancements is
consistent with the respective increase and decrease of the resonance altitude, where fP = fHF , as we step the
pump frequency up during the 3-min pulse, and we observe this in most pulses. At the time of the appearance
of the first bottomside enhancement, the pump frequency is 5.36 MHz. At 12:20:40 UT, where both topside
and bottomside enhancements abruptly disappear the pump frequency is 5.5 MHz after having been stepped
every 10 s in 20-kHz increments. A second bottomside enhancement appears at 12:20:45 UT in the 210-km
range gate and lasts for 15 s before the pump is turned off.

Four further examples, out of the 33 pulses with clear THFIL observations, are shown in Figure 7. All left-hand
plots show the altitude profile of the critical frequencies, fp, fUH, 4fg, and the L-mode cutoff frequency
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Figure 8. Comparison of all 33 heating pulses. Backscattered ion line power relative to the difference of the pump and
double resonance frequency. Topside enhancements are shown in orange while bottomside enhancements are shown
in purple. The superposed lines show the mean of the observation.

(equation (2)) calculated from enhanced backscatter from natural Langmuir waves observed in the plasma
line of the radar (see section 3). The green number toward the bottom of the plot indicates the pump fre-
quency at this instant. The corresponding right plots, as in Figure 6, show the temporal evolution of the mean
backscattered power from −15 to 15 kHz, in the ion line for the 3-min HF on period, with the time indicated
on the x-axis. The vertical green line indicates the time of the strongest backscatter from the THFIL, to which
the left plot corresponds for each pulse.

For all 33 pulses with identified THFIL we see consistent responses. This is seen in Figure 8 where we compare
the normalized backscattered power of all data points of the 33 pulses, at the altitude of the strongest BHFIL
and THFIL. We relate this, to the difference between the pump frequency and the double resonance frequency,
that is, how close the HF pump frequency is to the double resonance. Negative values indicate an HF pump
just below the double resonance frequency. BHFIL are shown in violet, while the THFIL are orange. The mean
of these observations is shown by the solid lines in the same color coding. Comparing these and illustrated
by the four pulses shown in Figure 7, we observe the following similarities for THFIL:

1. Signatures of the overshoot effect are easily identified in the first 5-s integration period after heating on, as
seen in the four right-hand plots of Figure 7.

2. After the overshoot with the pump frequency still kept constant, very little or no enhancement of backscat-
tered power is seen.

3. As the HF pump frequency is increased throughout the pulse the BHFIL intensity increase until they reach a
maximum and decrease significantly, then disappear completely (Figure 8).

4. Simultaneous to the increase in the BHFIL we observe clear enhancements at the topside ionosphere.
5. The strongest backscatter from the THFIL coincides with the strongest backscatter from the BHFIL.
6. For the two pulses shown in the bottom panels of Figure 7 we can recognize a THFIL also before the strongest

BHFIL, while for the two pulses in top panels, the THFIL seems to appear simultaneous to the strongest BHFIL.
7. A decrease and increase of altitude of the THFIL and BHFIL, respectively, is clearly visible in the figure and

corresponds to the increasing altitudes of resonance for increasing fHF .
8. Comparing this observation to the left plots of Figure 7, which all show the critical frequencies calculated for

the instant at which the strongest THFIL is observed, in all panels, we see that the BHFIL and THFIL occur close
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Figure 9. Electron density (color) calculated from the UHF plasma line observations of the natural Langmuir wave
enhancements on 9–11 March 2016. A white contour indicates the superposed L-mode cutoff frequency of 5.4 MHz,
and the altitude and occurrence of BHFIL and THFIL for pulses where THFIL are observed are shown by blue bars.

to the altitude where the HF pump frequency (green) is equal (or close to) the the local plasma frequency fP

(red) at the topside and bottomside ionosphere.
9. The second BHFIL, appearing at lower altitudes, is seen for all of the shown pulses after the main BHFIL.

The electron density at altitudes from 200 to 340 km, for the duration of the experiment on all 3 days is shown
in Figure 9. As for Figure 7, the density is calculated as described in section 3. Blue bars show the altitude
and time of the BHFIL and THFIL for all pulses where THFIL where observed. The white contour in these three
figures indicates where the L-mode cutoff frequency (see equation (2)) is 5.4 MHz and is intended to give
an indication of when the cutoff frequency was close to or at the pump frequency. In the bottom panels for
all days in Figure 2 we have marked this frequency, for comparison to the pump frequency, by the dashed
line. For three heating on pulses with observed THFIL (9 March at 10:30 UT and 10 March at 12:18 UT and
12:24 UT), the pump frequency is below the L-mode cutoff for the beginning of the pulse. As we step the
pump frequency up, it increases above the local L-mode cutoff frequency toward the end of the heating pulse,
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Figure 10. Comparison of the altitude of the appearance of the THFIL and
BHFIL above 0.6 NBP in the ion line spectra, and the altitude of the plasma
resonance, fP = fHF as calculated from the plasma line. The mean error of
±4 km for the bottomside and ±6.6 km, for for the topside, for all points is
indicated in the legend.

permitting trans-ionospheric propagation. It is nevertheless evident in
Figure 9 that THFIL is generally only observed when the L-mode cutoff is
sufficiently low, that is, below the frequency at which the pump wave can
propagate as an L-mode wave without encountering a cutoff. In this figure
we also see that the altitude of the observed BHFIL and THFIL fluctuates
with the observed density variations on all 3 days.

The altitude of the observed enhancements and the altitude of the reso-
nance heights, fp = fHF at the top and bottomside ionosphere, obtained
from the calculations discussed in section 3, is shown in Figure 10. The alti-
tude of data points, where the normalized backscattered power is stronger
than 0.6, is compared to the altitude of the resonance height, at that time,
for the THFIL and BHFIL separately. It is clear from the figure that the
enhancements at both altitudes occur at or close to, their respective reso-
nance heights. Mean errors of ±4 and ±6.6 km, indicated in the figure, for
the bottomside and topside altitudes, respectively, are due to the uncer-
tainty in the plasma line fit and the difference in temporal resolution of
the plasma line fit and the ion line spectra. The discrepancy in the tem-
poral resolution also accounts for the slight negative trend of the altitude
differences.

5. Discussion
We present the first observations of THFIL spectra from EISCAT UHF radar
measurements during HF modulation experiments. The EISCAT Heating

facilities transmitted a LHCP electromagnetic wave into the ionosphere directed in magnetic zenith, in a
3-min-on, 3-min-off cycle while stepping the pump frequency across the double resonance frequency at the
fourth gyroharmonic. The different aspects of the observations are discussed systematically in the following.

5.1. Appearance of THFIL
Thirty-three cases of THFILs are clearly identified in our observations during HF-pumping with frequency step-
ping through the double resonance frequency. In Figure 9 the altitude of the THFIL and BHFIL for all 33 pulses
are indicated. It is clear that no THFIL are observed when electron densities are high enough, such that there
is a cutoff for the L-mode waves at fHF . We see that the altitudes of both the THFIL and the BHFIL match the
plasma resonance altitude of fP = fHF .

As apparent, from Figure 9, there are a number of heating on pulses (14) on 10 and 11 March, where no THFIL
are observed, even though the L(Z)-mode cutoff frequency is lower than the pump frequency. On 10 March
the L(Z)-mode cutoff frequency is below the double resonance frequency, from 11:30 UT to 11:51 UT, but
only for the last (starting at 11:48 UT), of the four on pulses transmitted during that period, do we observe
topside enhancements. Comparing the electron temperature during this period, shown in the middle panel of
Figure 2, we see no temperature enhancements during these heating pulses. However, we do see an increased
backscattered power in the ion line around 100-km altitude, in the middle panel, possibly due to E-region
absorption. As a result of partial absorption at lower altitudes, less HF-wave power reaches the F-region and
we observe very weak or no BHFIL for those three pulses.

On 11 March, 11 HF pulses were transmitted (10:00, 10:12, 10:36, 10:42, 10:48, 11:00, 11:36, 11:42, 11:48, 12:18,
and 12:54 UT), where no THFIL were observed. For four of these (10:12, 10:42, 11:36, 12:18 UT), faint traces
of THFIL can perhaps be detected. However, these were very weak and below the threshold we set for THFIL
and were thus not included in our analysis. Noticeably the backscattered power of the ion line and tempera-
ture modulations (see bottom panels Figure 2), on the bottomside ionosphere for these four pulses was much
lower than for pulses with observed THFIL enhancements. For the pulses at 10:36, 11:00, 11:42, and 11:48 UT
we observed significantly weaker BHFIL than for pulses with THFIL. The electron temperature enhancements
shown in Figure 2, during these pulses are also lower then for other pulses. Figure 8 indicates that THFIL pri-
marily occur simultaneously to the BHFIL enhancements. It seems likely that there exists a threshold that has
to be exceeded, such that a large enough fraction of wave energy can propagate beyond the bottomside
reflection height and that this was not achieved during the pulses where the BHFIL were weak.
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For the absence of the THFIL enhancement in the remaining three pulses, there are several possible expla-
nations. The lack of a THFIL from the HF pulses starting 10:00 and 10:48 UT on 11 March are particularly
interesting as they had an initial frequency of 5.42 MHz closely matching our estimate of the double reso-
nance frequency for that time. For the pulse at 10:48 UT we initially observe clear BHFIL for 1 min, but no THFIL.
For the pulse at 10:00 UT, no HFIL at any altitude was observed until the pump frequency was well above the
double resonance.

Generation of density striations is significantly reduced for HF-pumping at the double resonance frequency.
If propagation to the topside ionosphere is facilitated by small- or large-scale density striations in the iono-
spheric plasma, generated by the pump wave, then no THFIL are expected for this pulse. This could indicate
that some period of heating on, at a frequency where small- or large-scale striations are effectively generated,
is necessary prior to pumping at the double resonance frequency, were less wave energy is absorbed by tur-
bulent upper hybrid processes such that the wave can propagate further. Further experiments are required
to clarify this.

For the last HF pulse transmitted on 11 March at 12:54 UT, the electron density in the ionosphere had
decreased such that the double resonance frequency was below the lowest pump frequency.

5.2. Evolution of THFIL
Four conclusions can be drawn from Figure 8:

1. Enhancements are observed when the pump frequency is between ∼ 80 kHz below the double resonance
frequency and ∼ 9.8 kHz above the double resonance frequency.

2. All pulses have a similar development of the enhancements in relation to the relative proximity of the HF
pump wave to the double resonance.

3. BHFIL are stronger than THFIL, sometimes up to an order of magnitude.
4. THFIL predominantly occur when we observe BHFIL.

A likely interpretation of the development of the observations is the following. During the first 5 s after heat-
ing on we observe the overshoot effect in all pulses, consistent with previous observations (e.g., Fejer, 1979;
Honary et al., 1999; Showen & Behnke, 1978), which is rapidly suppressed within a few seconds, as the HF wave
energy is absorbed through other processes (Robinson, 1989). Small-scale field-aligned striations are gener-
ated within a few seconds, as the HF pump wave is converted to UH electrostatic waves perpendicular to the
geomagnetic field, at the upper hybrid resonance height (Robinson, 1989). Throughout this process no, or
very little, enhanced ion acoustic or Langmuir waves are observed as most of the pump energy is absorbed
by upper hybrid turbulence, leading to the formation of the density striations (e.g., Stubbe et al., 1994; Thidė
et al., 2005), and significantly less reaches the resonance altitude.

As a result of the linear dispersion properties of upper hybrid waves around harmonics of the electron gyrofre-
quency, the growth of striations diminishes as the HF pump approaches the double resonance frequency
(Mjølhus, 1993; Huang & Kuo, 1994; Robinson et al., 1996; Honary et al., 1999). The HF-pump energy can then
be guided by the density irregularities and reach the resonance altitude, where coupling to Langmuir and
ion acoustic waves is possible. This manifests itself, in the presented data, in the increase in ion line backscat-
tered power on the bottomside ionosphere as the HF pump frequency approaches the double resonance. The
enhancements increase while approaching the double resonance and abruptly disappear when the HF pump
frequency increases beyond this, mirroring the asymmetric properties of the upper hybrid mode about the
double resonance. Although the backscattered power of the THFIL is significantly less than that of the BHFIL,
the THFIL show the same behavior as the BHFIL on approach of the double resonance as is seen in Figure 8.

5.3. Position and Altitude of the THFIL
As mentioned, there are two possibilities proposed for propagation of the incident wave to the topside iono-
sphere. The wave can pass through a radio window (Mjølhus, 1990), or the wave can be transformed into
a Z-mode through the resonant scatter process (Mishin et al., 2001). While artificial, heater-induced radio
windows can exist at multiple angles (Nordblad & Leyser, 2010), the standard radio window in a horizon-
tally stratified ionosphere is located at the Spitze angle, around ∼5∘–6∘ at EISCAT depending on the pump
frequency (Isham et al., 1996).

Both the heater and the UHF radar were pointed in the magnetic field-aligned direction, at 12∘ south of zenith,
for our experiment. This is well outside of the standard radio window at ∼ 6∘ at EISCAT. The heating beam at
full width, half maximum (FWHM) for this experiment was ∼ 7∘, such that angles from ∼ 9∘ to ∼ 16∘ were
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effectively illuminated by the beam. Kosch et al. (2011) report observations showing the radio window appear-
ing around 7∘–8∘ with a spatial extent of 2∘ and a corresponding topside enhancement displaced further
south by 2∘–3∘, appearing around 8∘–12∘ and with and angular extent of 2∘–3∘. As their experiment was run
with a very low-duty cycle (3.3%), minimizing the generation of pump-induced striations, they attribute this
southward displacement of the standard radio window to a local tilt in the ionosphere.

The heating beam in our experiment does not extend far enough at FWHM, to reach the radio window
observed by Kosch et al. (2011) at 7∘–8∘, but it is possible that parts of the beam at lower ERP do extend to this
angle and propagate though the radio window. In this case the ionospheric tilt would have to be somewhat
comparable to the tilt observed by Kosch et al. (2011). Also, as we observe topside enhancements multiple
times on three consecutive days, any tilt during our experiment would have to occur systematically on all days
and for the duration of all pulses where we do observe THFIL, in the same direction and with similar magni-
tude. In Figure 9, we see that the density varies considerably throughout the 3 hr on all 3 days. Especially on 10
and 11 March, we see signatures of periodic electron density variations. These variations are on timescales on
the order of 10–40 mins, matching that of atmospheric gravity waves or traveling ionospheric disturbances
(Hunsucker, 1982).

During our experiment the THFIL seem to occur independent of tilt angle when studying the five consecutive
pulses on 11 March starting at 11:06:00 UT. Here we observe THFIL enhancement for every HF pulse while the
electron density varies from high, ∼ 4.3 × 1011 (lower altitude BHFIL), to low, ∼ 3.5 × 1011, and back to higher
density, possibly indicating a large-scale TID moving past the radar beam. During that period the ionospheric
tilt angle would vary between opposites. Based on these considerations, we argue that it is unlikely that the
propagation of the HF pump wave to the topside ionosphere occurs though the standard radio window but
rather is a result of one of the proposed mechanisms for propagation outside the radio window.

Supporting our interpretation of the evolution of the THFIL observations (see section 5.2), and consistent
with simulations done by Eliasson (2008), Figures 7 and 10 show that the altitude of both enhancements is
at or close to the respective topside and bottomside plasma resonance altitude where fP = fHF . This is con-
sistent with the shape of the enhanced ion line spectra of which we show examples for one instant in time,
in the left panels of Figure 5. Two well-developed shoulders are observed in the ion line spectra at the alti-
tudes of strongest enhancements of the topside and bottomside ionosphere, at 278 and 219 km, respectively.
A prominent central feature characteristic for the oscillating two stream instability (e.g., Stubbe et al., 1992;
Stubbe, 1996) is also visible for both enhancements. We observe the corresponding enhancement just below
the pump wave frequency, in the plasma line spectrum at the bottomside ionosphere (not shown).

5.4. Propagation Outside the Radio Window
For both Z-mode scattering (Mishin et al., 2001) and L-mode propagation through artificial radio windows
(Nordblad & Leyser, 2010), field-aligned electron density striations are essential for wave propagation outside
the standard radio window. The resonant scatter process proposed by Mishin et al. (2001) should be effec-
tive when small-scale density irregularities are present at the reflection height of the pump wave. Small-scale
density striations, on the order of several meters, are rapidly generated within a few seconds (Basu et al.,
1997), by the pump wave itself and thus there is no “buildup” time or very little delay from heating on to the
possible occurrence of THFIL. The characteristic timescales in the case of the L-mode propagation though arti-
ficially generated radio windows depends on the temporal evolution of kilometer-scale density striations. The
L-mode wave is guided by large-scale density ducts that can be generated by the pump wave. Generation of
large-scale density ducts is on the order of minutes (Basu et al., 1997).

Considering, as an example, the four pulses shown in Figure 7, we see that the two pulses from 10 March
(top) are slightly different from the two bottom panel examples from 11 March. The temporal evolution of
the two top panels is consistent with the generation of large-scale density striations facilitating L-mode prop-
agation in artificial radio windows (Nordblad & Leyser, 2010), while the observations shown in the bottom
panels are consistent with the Z-mode scattering process (Mishin et al., 2001). If large-scale density ducts exist
before heating on, possibly from a previous heating on pulse, L-mode propagation is possible immediately.
As exemplified in Figure 7, it is not unambiguously clear which of the two mechanisms is dominating from the
observation made during our experiment. However, the topside enhancements were the strongest for pump
frequencies near the double resonance (see Figure 8). It may be noted that for such conditions excitation of
small-scale density striations is suppressed (Honary et al., 1999). This would thus also suppress the scattering
of the pump wave into the Z-mode. As larger-scale ducts have a longer lifetime than small-scale striations
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these may still facilitate guiding of the pump wave in the L-mode during the time near double resonance.
Further, as the anomalous absorption of the pump wave is minimum at the double resonance (Stubbe et al.,
1994), this may explain why the THFIL are the strongest for such frequencies. Further experiments are needed
to study the physics involved.

6. Summary and Conclusions
We have shown systematically recurring ion line enhancements appearing at the topside ionospheric plasma
resonance altitude, in the polar ionosphere on the three consecutive days, from 9 to 11 March 2016. These are
the first observations of HF-enhanced ion line spectra at the topside ionosphere. The enhancements present
evidence of radio wave propagation outside the standard radio window (∼ 6∘) during O-mode, HF radio
wave pumping along the local geomagnetic field (∼ 12∘). Stepping the pump frequency across the double
resonance of the fourth harmonic of the electron gyrofrequency and the local upper hybrid frequency, the
enhancements seem to be asymmetrically conditioned by the relative proximity of the HF-pump frequency
to the double resonance. THFILs predominantly appear while the HF-pump frequency is just below or at the
double resonance frequency and the L-mode cutoff frequency is below the pump frequency. Approaching
the double resonance frequency by the HF-pump frequency, the backscattered power of the THFIL and BHFIL
increases until both enhancements abruptly disappear completely when the HF-pump frequency is larger
than the double resonance frequency. Further, the THFIL only appear simultaneous to strong bottomside
enhancements. We have considered the possible mechanisms proposed for radio wave propagation outside
the standard radio window in detail. However, further experiments are needed to determine the dominating
processes involved in HF pump wave propagation beyond the reflection height outside the radio window.
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1.  Introduction
High power radio waves transmitted from the ground into the high-latitude ionosphere at frequencies be-
low the critical frequency, are reflected, at altitudes depending on the plasma density and the polarization 
of the incident wave. Vertically propagating waves with an O mode polarization will reflect at the altitude 
where the pump frequency, fHF is equal to the local plasma frequency, fP. Pump waves in a horizontally 

stratified ionosphere transmitted at the Spitze angle, defined by  


sin( ) sin( )
1c

Y
Y

, where  HF

G

fY
f

 

and α is the angle of the magnetic field, in the magnetic meridian plane, from vertical (Budden, 1980), can 
pass through the radio window and continue to propagate to regions of higher plasma density and frequen-
cy (Mjølhus, 1990). Here fG is the electron gyro frequency. Pump waves transmitted at larger angles to the 
vertical than the Spitze angle are reflected at progressively lower altitudes.

In this paper, we present observations of high frequency (HF) enhanced ion line spectra from the top and 
bottomside ionosphere during magnetic field-aligned, high-power pumping of the polar ionosphere. El-
lis (1956) first observed ionogram signatures of pump wave propagation to altitudes beyond the O mode 
reflection height. Subsequently Ganguly and Gordon  (1983) and Isham et  al.  (1990) presented incoher-
ent scatter radar (ISR) measurements of HF modification experiments, showing effects of an HF pump 
wave above the O mode reflection altitude, at mid- and high-latitudes, respectively. Several studies have 
since reported ISR measurements showing effects of HF pumping above the reflection altitude of the ion-
ospheric F-region (Isham, Hagfors, et al., 1999; Isham, Rietveld, et al., 1999; Kosch et al., 2011; Rietveld 
et al., 2002). Leyser et al. (2018) present signatures of transionospheric HF pump wave propagation into 
space in CASSIOPE spacecraft data. The first consistently recurring topside HF enhanced ion line (THFIL) 
spectra and their relation to pump frequencies close to the fourth gyroharmonic frequency were shown 
by Rexer et al. (2018). Observations of THFIL from an experiment in 2013 were also reported by Borisova 
et al. (2020).

An O mode wave, that is propagating strictly in a field-aligned direction is a left-hand circular polarized 
(LHCP) wave for which the electric field rotates opposite to the electron gyro motion, known as an L mode 
wave (i.e., Chen, 1983). The L mode dispersion curve follows the edge of the O mode dispersion surface 
where k is parallel to B for fHF > fP and the slow X mode band dispersion surface for fP > fHF (see for example 

Abstract  Enhanced ion line spectra as a response to magnetic field-aligned high frequency (HF) 
pumping of the overdense polar ionosphere with left-handed circular polarization, can be observed at 
the top and bottomside F-region ionosphere under certain conditions. The European Incoherent Scatter 
(EISCAT) UHF radar was directed in magnetic zenith on October 18th and 19th, 2017 while stepping the 
pump frequency of the EISCAT Heating facility both upward and downward across the double resonance 
frequency of the fourth harmonic of the electron gyrofrequency and the local upper hybrid frequency, in 
a 2-min-on, 5-min-30-s-off pump cycle. We present observations of two separate cases of topside HF-
enhanced ion lines (THFIL). THFIL simultaneous to bottomside HFIL (BHFIL), and conditioned by the 
relative proximity of the HF pump frequency to the bottomside double resonance frequency, consistent 
with previous observations (Rexer et al., 2018, https://doi.org/10.1029/2018JA025822) were observed for 
HF pulses on 19th October. Recurring THFIL appearing after BHFIL have faded and conditioned by the 
relative proximity to the double resonance frequency on the topside ionosphere, were observed on 18th 
October. The THFIL are consistent with transionospheric propagation through artificial radio windows by 
L mode guiding of the pump wave, facilitated by large scale density ducts present in the plasma.
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Figure 1 in Nordblad & Leyser, 2010). The X mode branch of the L mode 
is sometimes called the Z mode (Mjølhus, 1990). However, this usually 
refers to all wave vectors at angles between the parallel and perpendicular 
to the ambient magnetic field, whereas the L mode only refers to wave 
vectors parallel and anti-parallel to the magnetic field. When mapped out 
for all angles of k to B, the two wave modes form two dispersion surfaces 
that connect at the Spitze angle when fP = fHF forming a radio window 
(Mjølhus,  1990). A strictly field-aligned incident wave in the L mode 
moves from one to the other dispersion surface at this point without a 
change in polarization. At the EISCAT facility in Tromsø, Norway, the 
Spitze angle, is around θc = 5°–6° south of zenith. An incident wave that 
passes through a radio window in the L mode will continue to propagate 
to higher altitudes and regions of higher plasma density and frequen-

cy until it encounters its cutoff at     2 21 4
2 2
G

L cut G P
ff f f  (Leyser 

et al., 2018; Mjølhus & Flå, 1984).

For an O mode wave transmitted in magnetic zenith in the high-latitude 
ionosphere, propagating beyond the plasma resonance height, outside 
the natural radio window is possible by two mechanisms. New radio win-
dows in the form of large scale density ducts, generated by small scale 
density striations existing naturally (A. V. Gurevich et al., 1995) or created 
by the pump wave (i.e., Eliasson & Leyser, 2015; A. Gurevich et al., 1998; 
Istomin & Leyser, 2001), can guide the incident O mode wave into the L 
mode at locations outside the standard radio window (Leyser & Nord-
blad, 2009; Nordblad & Leyser, 2010). Alternatively, resonant scatter on 
small-scale field-aligned density irregularities can transform an incident 
O mode pump wave to a Z mode wave in the region above the upper hy-
brid resonance layer, where  2 2 2

UH G Pf f f , close to the bottomside reflec-
tion altitude (Mishin et al., 2001). While L mode propagation through ar-
tificial radio windows (Nordblad & Leyser, 2010) is possible through large 
scale density ducts, the Z mode scattering process (Mishin et al., 2001) is 
facilitated by small scale density striations. Meter-scale density striations 
are generated within seconds, while kilometer-scale density ducts form 
in timescales on the order of minutes (Basu et al., 1997). The formation 
of small-scale density striations also depends on fHF, and for fHF close to 
multiples of the electron gyro harmonic frequency the generation of stri-
ations is greatly reduced (Honary et al., 1999). A mechanism for generat-
ing THFIL for a vertically propagating O mode wave has been proposed 
by Eliasson (2008). They simulated a propagation process where an inci-
dent wave reaches the resonance altitude and efficiently converts to the 
Z mode, for low duty-cycle experiments (2%), minimizing the effect of 
density irregularities in an attempt to explain the observations by (Ish-
am, Rietveld, et al., 1999). In the present experiments the duty-cycle was 
significantly higher (∼26%) and the direction of propagation along the 
magnetic field. Hence it is unlikely to explain our current observations.

In the following paper we present ISR observations forming two separate 
cases of recurring THFIL during comparable ionospheric conditions and 
HF pump schemes, from experiments on October 18th and 19th, 2017 at 

the EISCAT facilities in Tromsø, Norway. Strong THFIL occurred repeatedly while stepping fHF through the 
fourth harmonic of fG and a possible, previously undetected, relation to the topside double resonance fre-
quency of the local fUH and 4fG has been observed. Observations of the naturally existing Langmuir waves, 
made in the plasma line spectra of the EISCAT UHF radar, are used to calculate the electron density and 
critical frequencies during the experiments.
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Figure 1.  Example of a typical observation of case A topside high 
frequency enhanced ion lines (THFIL). (a) The top left panel shows the 
critical frequencies calculated from the observed natural Langmuir waves. 
The blue, red and yellow lines indicate the L mode cutoff, the local plasma 
frequency, and the local upper hybrid frequency, respectively. The purple 
line shows the fourth harmonic of the electron gyrofrequency, while the 
green vertical line indicates the frequency of the transmitted O mode 
pump wave. On the right the 5-s mean backscattered ion line power, with 
a 3 km altitude resolution, during a 2-min-on pulse is shown. The vertical 
green line in the top right panel plot indicates the time to which the left 
panel plot corresponds. (b) The four upper panels show the topside ion 
line spectra and the bottomside ion line spectra with the frequency on the 
vertical axis, for the two altitudes of the strongest THFIL (228 and 231 km) 
and bottomside high frequency enhanced ion lines (199 and 202 km). The 
bottom panel shows fHF and the top- and bottom-side fourth harmonic of 
the double resonance frequency, corresponding to the panels above. Green 
vertical lines indicate the time corresponding to the top left panel in (a) of 
the critical frequencies.



Journal of Geophysical Research: Space Physics

2.  Experiment
On October 18th and 19th, 2017, during quiet geomagnetic daytime conditions, the EISCAT Heating facility 
(Rietveld et al., 2016) in Tromsø was transmitting a LHCP HF radio wave in the magnetic zenith direction 
(78° elevation south), in a 2 min on - 5 min 30 s off cycle. Upon reaching the ionosphere most of the wave 
energy is in the O mode.

Different frequency stepping schemes were used on the two days, aiming to meet the double resonance 
frequency fdbl on the bottomside ionosphere at some point during each heating cycle. The double resonance 
frequency is defined as

  4dbl UH Gf f f�

and can be met by fHF twice, once at the topside and once at the bottomside ionosphere. In this experiment, 
fHF was changed in steps of 10 kHz every 10 s within the 2 min HF pulse, such that it crossed fdbl on the 
bottomside. Because fHF is stepped throughout each HF pulse and fG decreases with increasing altitude, the 
numeric value for fdbl on the topside will be different from the numeric value of fdbl on the bottomside. On 
October 18th, 2017 the effective radiated power (ERP) in the O mode was estimated to be 378 MW and the 
frequency stepping was done from a few tens of kilohertz above fdbl to a few tens of kilohertz below fdbl on 
the bottomside ionosphere. The mean difference between the maximum ionospheric plasma frequency and 
the pump frequency,  2OF HFm f f , had a minimum value of minm  152 kHz during HF pulses, while the 
maximum was maxm  396 kHz. On October 19th, 2017 the ERP in the O mode was estimated to be 460 MW 
with one extra transmitter running. The frequency stepping, alternated between stepping up from below to 
above fdbl and stepping down from above to below fdbl. For pulses on the 19th October,  603minm  kHz, while 

maxm  810 kHz.

The EISCAT UHF radar, pointing in the magnetic field aligned direction, was used to obtain the ionospheric 
plasma parameters for the background and HF-modulated conditions. Measurements were done with the 
beata modulation scheme (i.e., Tjulin, 2017), giving a frequency resolution of 2.4 kHz, range resolution of 
3 km and a temporal resolution of 5 s for ion line measurements. In addition, the plasma line is sampled at 
0.4 μs lag profiles, averaged over 5 s, covering a 3.125 MHz wide band offset from the transmit frequency by 
8.4, 6.0, and 3.4 MHz, and covering ranges from 107 to 374 km. Backscatter from natural existing Langmuir 
waves is observed during the experiment in the downshifted plasma line spectra that is −6.0 MHz offset 
from the radar transmit frequency. The electron density used for the calculation of relevant resonance and 
cut-off frequencies (fP, fUH, fL−cut) is obtained from these observed natural Langmuir waves in the plasma 
line spectra and adapting the method described by Hagfors and Lehtinen (1981) (see Section 3 of Rexer 
et al., 2018, for a detailed description).

3.  Experimental Results
Observations made during the experiments show characteristic differences with respect to the appearance 
of bottomside HF enhanced ion lines (BHFIL) and the proximity of fHF to the top- and bottomside fdbl on 
October 18th and 19th. We have identified two cases for excitation of THFIL. In the following two sections, 
these observations are presented separately

3.1.  Case A: October 18th Observations

On October 18th 2017, 16 HF pulses with clear THFIL were observed. Figure 1 shows an example of one of 
these. In the left panel of Figure 1a, the altitude profiles of, fP, fUH, 4fG, and fL−cut are shown, for an altitude 
range from 180 to 280 km, at the time of strong THFIL (indicated by the vertical green line in the right pan-
el). The right panel shows the altitude profile from 180 to 280 km of the mean ion line spectra power for the 
2 min HF pulse with a 5 s temporal resolution. The development of the BHFIL and THFIL for the duration 
of the HF pulse as fHF is stepped downward, is seen at altitudes around 202 and 228 km respectively.

The development of the ion line spectra of the BHFIL and THFIL for the duration of the HF pulse are 
shown in more detail in Figure 1b. Ion line spectra at the two altitude ranges of the strongest THFIL (228 
and 231  km) and BHFIL (199 and 202  km) are shown in the four upper panels, while the fHF stepping 
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scheme of 20 kHz decrements every 10 s is indicated in the bottom panel. 
The fdbl at the bottomside (red) and topside (yellow) are also indicated. 
Green vertical lines indicate the time corresponding to the left panel in 
(a). In the first 5 s after Heating on, of the four upper panels in (b) (and 
the right panel in [a]), the commonly observed overshoot (Stubbe, 1996) 
is clearly visible. Five features are indicated in (b). (A) At 12:07:40 UT, 
as fHF = 5.50 MHz, after a first 20 kHz downward frequency step toward 
the bottomside fdbl, the BHFIL appear strongly at 202 km and somewhat 
weaker at 199 km. (B) THFIL appear, faintly at first, around 228 km as 
fHF = 5.44 MHz, 50–60 kHz below fdbl ≈ 5.5 MHz at the bottomside. (C) 
BHFIL decrease in intensity and fade completely as fHF = 5.40 MHz and 
lower. (D) The THFIL are visible for the remaining steps of fHF of the 
HF pulse, increasing in altitude to 231 km (and 234 km as seen in the 
right panel of (a)) as fHF is stepped further downward to 5.3 MHz. (E) The 
strongest THFIL were observed when fHF = 5.42 MHz at which only weak 
BHFIL were observed, during 3 steps (fHF = 5.44, 5.42 and 5.40 MHz) of 
simultaneous enhancements at both altitudes. BHFIL were observed at 
an altitude between the matching height (Rietveld et al., 2000) and the 
altitude where fP = fHF. THFIL were observed at the reflection altitude.

We plot the backscattered power for all 16 HF pulses, with identified 
THFIL, observed on the October 18th, 2017, at the altitude of the strong-
est BHFIL and THFIL and relate this to the difference between fHF and 
fdbl on the bottomside and topside ionosphere, Δf = fHF − fdbl, in Figure 2. 
Solid lines indicate the mean of the observations of the backscattered 
ion line spectra power. In the upper panel we relate all observations of 
HFIL to fdbl on the bottomside ionoshpere. The lower panel shows the 
same data where the BHFIL are related to the bottomside fdbl, while the 
THFIL are shown relative to fdbl on the topside ionosphere. The slight dif-
ference in the mean calculations (solid lines) of the two panels is due to 
the bining algorithm. THFIL occur primarily when fHF is between 75 and 
160 kHz below fdbl on the bottomside, and the strongest THFIL occurred 
when no BHFIL were observed. In the lower panel we observe that the 
THFIL were strongest when fHF was between 100 kHz below and 10 kHz 
above the fdbl on the topside ionosphere. A narrow local maximum of 
the THFIL is also seen when fHF is ≈ 70–90 kHz above fdbl on the topside. 
From the upper panel it is apparent that these THFIL occurred when fHF 
was at or just below the fdbl on the bottomside. BHFIL also have a max-
imum here. Looking at the development of each HF pulse separately as 
illustrated for one pulse, in Figure 1, we see that the THFIL coincidental 
with the strongest BHFIL, are not part of the prolonged main THFIL vis-
ible from Δf ≈ −0.6 to Δf ≈ −2.0. These THFIL were visible as a “flare” of 
enhancement for ∼5–10 s and faded thereafter, for some pulses (HF puls-
es starting at 10:07:30, 10:15:00, 11:00:00, 11:52:30, 12:00:00 and 12:07:30 
UT), before disappearing and growing later during the HF pulse as fHF 
was stepped downward.

In the example shown in Figure 1 the strongest THFIL is observed when fHF is well below fdbl on the bot-
tomside. This is seen for all THFIL observed on October 18th and is also noticeable from the comparison 
of all pulses, in the top panel of Figure  2. Here we see that the solid orange line, indicating the mean 
backscattered power of all THFIL, has a wide local maximum well below fdbl on the bottomside (zero on 
abscissa). Comparing the mean of the THFIL and BHFIL (orange and purple dots and lines) it is also clear 
that THFIL predominantly appeared when no BHFIL were observed and that, although the BHFIL were 
generally stronger than the THFIL, the strongest THFIL did not occur simultaneous to the strongest BHFIL. 
The narrow peak of the orange and purple solid lines in the top panel show that both BHFIL and THFIL 
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Figure 2.  Comparison of all 16 high frequency pulses of case A. 
Normalized backscattered ion line power relative to the difference of the 
pump and bottomside double resonance frequency are shown upper panel. 
The lower panel shows the backscattered ion line power for the topside 
high frequency enhanced ion lines related to the topside double resonance 
frequency and the bottomside high enhanced ion lines related to the 
bottomside double resonance frequency. Topside enhancements are shown 
in orange while bottomside enhancements are shown in purple. The 
superposed solid lines show the mean of the observations.
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have a local maximum when fHF is just below fdbl on the bottomside. Figure 2 also shows that all THFIL 
have a comparable enhancement for comparable Δf, and that the enhancements develop and increase as Δf 
increases and the BHFIL begin to fade. The same data is shown in the lower panel of Figure 2 now arranged 
such that the THFIL (orange) are shown in relation to fdbl on the topside, while the BHFIL (purple) are 
unchanged and shown in relation to fdbl on the bottomside. The THFIL have a maximum when fHF is just 
below fdbl at the topside ionosphere.

The BHFIL in case A appear when fHF is just below or at fdbl in the bottomside ionosphere, in approximately 
the same range of Δf for fdbl on the bottomside (Δf between ∼−100 and ∼6 kHz), as THFIL for Δf to fdbl on the 
topside. Hence, as seen in the example in Figure 1, the strongest THFIL do not appear simultaneous to the 
strongest BHFIL (as in case B), but at fHF where BHFIL have faded or disappeared completely. Consistent 
with the ion line spectra, the strongest enhancements, shown at two topside- and two bottomside altitudes 
in the middle panels of Figure 1, are observed at the resonance altitude, where fHF = fP, for the THFIL and 
between the matching height and the resonance altitude for BHFIL at the bottomside. At both the altitudes 
of THFIL and BHFIL, two well developed shoulders are seen, and we interpret these as decay lines of the 
parametric decay instability (PDI). These are more pronounced at the bottomside enhancements. A visible, 
but weak, central feature typical for the oscillating two stream instability (OTSI) (i.e., Kuo et al., 1997; Stub-
be et al., 1992) is observed at the bottomside, while for the strongest THFIL the spectrum is filled in between 
the ion acoustic shoulders.

Downstepping HF pulses made on the October 19th, 2017, shown in the right column of Figure  3, are 
comparable to HF pulses where case A THFIL were observed. Although ion line spectra of the BHFIL (not 
shown) of these pulses are comparable to those of the case A observations as well as the range of the fre-
quency steps in relation to fdbl on the bottomside ionosphere, no THFIL were observed. The lower panels of 
Figure 3 indicate fdbl on the top and bottomside ionosphere in relation to fHF. Here we see that the range of 
frequency steps used in the downstepping experiment did not extend to or well below the topside fdbl, the 
frequency range where we expect case A THFIL.

3.2.  Case B: October 19th Observations

Figure 3 shows all HF pulses from 10.00.00 UT to 10.50.00 UT on 19th October in chronological order. 
Upper panels are the same as the upper right panel in Figure 1, showing the evolution of the mean ion line 
power at all altitudes, during a 2 min Heating on period with 5 s resolution. fHF and the double resonance 
frequencies are indicated in the lower panels. As the direction of the frequency stepping in the experiment 
alternated between increasing and decreasing frequency for every Heating on pulse, the left column in 
the Figure shows all pulses where fHF was stepped upward. It is only in these four pulses that we observe 
THFIL. During the HF pulses where fHF was stepped downward, shown in the right column, only BHFIL 
are observed and no THFIL. In the top panel of the left column, showing the HF pulse starting at 10:06:00 
UT, the THFIL appear weakly around 269 km for the initial 10 s frequency step. No THFIL are observed 
for the next 6 steps, until fHF = 5.44 MHz and faint THFIL are observed for the two frequency steps just 
below and at the double resonance frequency. The second panel on the left shows slightly stronger THFIL 
around the same altitude for the fist frequency step. Weak THFIL are visible for three frequency steps of fHF 
around the double resonance frequency, for fHF = 5.44, 5.46 and 5.48 MHz. In the next two rows on the left 
column, showing HF pulses starting at 10:30.00 UT and 10:42:00 UT, THFIL are visible from Heating on 
and through all frequency steps until fHF reaches the double resonance frequency around fdbl = 5.48 MHz, 
where the THFIL fade.

Figure 4 is in the same format as Figure 1, but showing one of the four HF pulses of case B, in more detail. 
The backscattered power of BHFIL and THFIL increases as fHF is increased stepwise and approaches the fdbl 
on the bottomside ionosphere. The strongest THFIL are observed simultaneous to the strongest BHFIL at 
the altitude of the respective plasma resonance frequency, fP = fHF, rather than the matching height (Riet-
veld et al., 2000), which is ∼7 km lower in altitude on the bottomside for the duration of the experiment on 
this day. While weaker than the BHFIL, the THFIL show a comparable development as the BHFIL, increas-
ing in intensity while fHF is stepped upward to the bottomside fdbl and fading when fHF > fdbl. These case B 
observations are consistent with observations made in 2016 (Rexer et al., 2018).
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Figure 3.  Case B: Time evolution of the averaged backscattered power in the ion line spectra for consecutive heating on pulses on October 19th, 2017. The 
bottom panels show fHF and double resonance frequency. Case B enhancements are observed in high frequency pulses where fHF is stepped upward (left 
column).
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Figure 5 is the same as Figure 2, but for the case B data, with the 4 case 
B HF pulses from October 19th, 2017. Additionally, 33 HF pulses with 
THFIL, previously presented by Rexer et  al.  (2018), and all consistent 
with and categorized as case B, are added. We include the data again here 
to emphasize the case B characteristics and differences to case A. Case B 
has been previously discussed and the findings include observations that 
the case B THFIL are conditioned by the proximity of fHF to fdbl on the 
bottomside ionosphere. Additionally the THFIL only appear simultane-
ous to BFHIL and are generally weaker (Rexer et al., 2018). This is seen in 
the top panel of Figure 5. Relating the backscattered power of the THFIL 
to the topside fdbl, shown in the lower panel, a small local maximum of 
the mean backscattered power of the THFIL can be observed when fHF is 
close to fdbl on the topside (zero on abscissa).

We have summarized the main characteristic of the BHFIL and THFIL 
for the two cases in Table 1.

4.  Transionospheric Wave Propagation
Mjølhus and Flå (1984) adapted the theory of linear conversion of inci-
dent radiowaves into electrostatic waves, to ionospheric modification ex-
periments, finding that an O mode wave transmitted into the horizontally 
stratified ionosphere can access the plasma resonance region through the 
radio window. That is, if fHF > fL−cut the wave will propagate to the topside 
resonance region of the ionosphere, and continue through the topside 
radio window into space. Rays near θc are partially reflected and partially 
transmitted. Thus, partially penetrating rays at the bottomside radio win-
dow, will propagate to the topside ionosphere at an angle slightly off θc. 
These rays will be partially reflected at the topside radio window into a 
northward path (Mjølhus, 1990; Mjølhus & Flå, 1984).

Additionally, artificial radio windows can be generated at different lo-
cations by large scale, field aligned, density ducts induced by the pump 
wave (Leyser & Nordblad, 2009; Nordblad & Leyser, 2010). An incident O 
mode wave can be guided into the L mode along the geomagnetic field by 
ducts, with the same polarization as a ray at the critical angle in a hori-
zontally stratified ionosphere. At fHF = fP, with k exactly along the mag-
netic field, the O, Z and Langmuir dispersion surfaces connect, forming 
a radio window such that O mode waves guided into the L mode by large 
scale density irregularities will not change polarization. A wave, thus 
guided can pass the ionospheric density peak if f > fL−cut, and propagate 
to the topside resonance region, at different locations depending on the 
location and local parameters of the guiding density striation.

The dispersion properties of the upper hybrid waves is such that forma-
tion of small scale density striations, that can form a larger scale duct, 
decreases as the pump wave frequency approaches that of the double res-

onance frequency (i.e., Mjølhus, 1993; Robinson et al., 1996). Anomalous absorption is also at a minimum 
near or at harmonics of fG (Stubbe et al., 1994). Consequently, and consistent with previous observations 
(Honary et al., 1999), coupling to Langmuir waves and ion acoustic waves is possible. Contrary to small 
scale density striations, large scale density ducts generated by the pump wave (i.e., A. Gurevich et al., 1998; 
Kelley et al., 1995) have a longer generation and decay time, on the order of minutes (Basu et al., 1997). 
Thus, guiding of the pump wave into the L mode, and hence transionospheric propagation, can be facil-
itated by these as they may exist in the plasma for several minutes, also when fHF is stepped through fdbl. 
Further, we propose that the physics described by (Mjølhus & Flå, 1984) concerning access to the plasma 
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Figure 4.  Example of a typical observations of case B. (a) The left panel 
shows the critical frequencies calculated from the observed natural 
Langmuir waves. The blue, red and yellow lines indicate the L mode 
cutoff, the local plasma frequency, and the local upper hybrid frequency, 
respectively. The purple line shows the fourth harmonic of the electron 
gyrofrequency, while the green vertical line indicates the frequency of the 
transmitted O mode pump wave. On the right the 5 s mean backscattered 
ion line power, with a 3 km altitude resolution, during a 2 min HF on 
pulse is shown. The vertical green line in the top right panel plot indicates 
the time to which the left panel plot corresponds. (b) The four upper 
panels show the topside ion line spectra and the bottomside ion line 
spectra with the frequency on the vertical axis, for the two altitudes of the 
strongest topside high frequency ion lines (254 and 257 km) and BHFIL 
(204 and 207 km). The bottom panel shows fHF and the top- and bottom-
side fourth harmonic of the double resonance frequency. Green vertical 
lines indicate the time corresponding to the left panel of (a).
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resonance through radio windows in a horizontally stratified ionosphere 
is qualitatively applicable also to artificial radio windows due to the pres-
ence of density ducts.

5.  Discussion
Figure 2 shows that case A THFIL predominantly appear when fHF is just 
below or at fdbl at the topside ionosphere, when Δf  =  fHF  −  fdbl on the 
topside is between −100 and 18 kHz. This resembles the dependence of 
the appearance of THFIL, on the proximity of fHF to fdbl on the bottomside 
in case B. Both cases of THFIL appear to be asymmetrically conditioned 
by the proximity of fHF to a fdbl. Contradictory to case B (and our previous 
observations (Rexer et al., 2018)), case A THFIL appear to be asymmetri-
cally conditioned by the proximity of fHF to fdbl at the topside rather than 
the bottomside, as for case B.

Case B THFIL appear only simultaneous to stronger BHFIL and are con-
ditioned by the proximity of fHF to fdbl on the bottomside ionosphere. Both 
THFIL and BHFIL are observed at the altitude where fP ≈  fHF, whereas 
the matching height is calculated to be approximately ≈6–7 km below the 
enhancements on the bottomside during the experiment. As the calcula-
tions of the matching height are based on the observations of the natural 
Langmuir waves in the plasma line spectra with a temporal resolution 
of 1  min, we interpret the observations of the BHFIL at the apparent 
resonance height to be an indication that large scale density ducts have 
formed. That is, the matching height is at a higher altitude within the 
duct, hence the BHFIL appear to be close to the resonance altitude.

In the bottom panel of Figure 5, showing the THFIL and BHFIL related 
to fdbl at the top- and bottomside, respectively, we see a small local maxi-
mum of the case B THFIL when fHF is close to fdbl on the topside (zero on 
abscissa). This resembles the observations in case A, where THFIL ap-
pear to be conditioned by the proximity of fHF to the topside fdbl. It is pos-
sible that a similar relation as for case A exists, however, there are few da-
tapoints in this region. As mentioned above, the lower panels of Figure 3 
(case B THFIL in the left column) indicate that the range of frequency 
steps used did not include fHF well below the topside fdbl. It is apparent in 
the example in the top left panel of Figure 4, that the altitude difference 
between the bottomside and topside resonance height is≈50 km for case 
B from October 19th 2017 (≈ 70–100 km for the observation presented in 
Rexer et al. (2018)). This leads to a large difference between the top- and 

bottomside fdbl, as fG decreases with altitude. As we do not reach this frequency range below fdbl at the top-
side ionosphere where one might expect THFIL, for these HF pulses, a definite conclusion about a possible 
relation to fdbl on the topside, also for case B observations, cannot be drawn from these observations.

Further, distinct ion acoustic peaks are observed when fHF <  fdbl on the bottomside and a sharp, distinct 
ω = 0 peak, associated with the OTSI (i.e., Fejer, 1979; Kuo et al., 1997; Stubbe et al., 1992), in the BHFIL 
frequency spectra of case B. An example is shown in the middle panels of Figure 4. BHFIL frequency spec-
tra from case A, shown in Figure 1, and BHFIL frequency spectra (not shown) from the downstepping HF 
pulses on the October 19th, 2017 (right column of Figure 3) have distinct ion acoustic shoulders, associated 
with PDIs, but only a weak or no ω = 0 feature. Interestingly, although polarization and ERP of EISCAT 
Heating were the same for all HF pulses on October 19th, 2017, and the frequency steps were spanning the 
same frequency range, only alternating between stepping upward and downward, the BHFIL spectra for 
up stepping pulses show a clear and distinct central feature while BHFIL spectra for downstepping pulses 
show only well developed ion acoustic shoulders and no central feature. The threshold electric field of the 
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Figure 5.  Same as Figure 2 but for the 4 case B high frequency (HF) 
pulses from October 19th, 2017 and 33 HF pulses with topside high 
frequency enhanced ion lines, previously presented by Rexer et al. (2018), 
and all categorized as case B.
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pump wave required to excite the OTSI is usually higher than that for the PDI (Robinson, 1989), indicating 
a possible difference in allocation of pump wave energy, a difference in D-region absorption or different 
mechanisms responsible for the BHFIL in the up stepping and down stepping HF pulses. The down step-
ping HF pulses on 19th October are comparable to HF pulses on 18th October, where case A THFIL were 
observed. We consider it likely that case A THFIL could have been generated also on the downstepping 
HF pulses on 19th October, had the fHF stepping scheme extended to frequencies below fdbl on the topside 
ionosphere as discussed above.

In case A, for the duration of the THFIL, fHF is well below fdbl at the bottomside. Consequently anomalous 
absorption is effective and less energy available for excitation of Langmuir waves and related nonlinear 
wave interactions at the bottomside plasma resonance (Stubbe et al., 1994). Conforming to this is the ab-
sence or very weak BHFIL observed during case A. The proximity of the fHF to fdbl at the topside, by propa-
gation of the pump wave through an artificial radio window, allows for direct linear conversion of the pump 
wave here (Mjølhus & Flå, 1984). Furthermore, Mjølhus and Flå (1984) predict the formation of strongly 
nonlinear Langmuir wave field as a result of linear conversion in the resonance region. At exactly the radio 
window complete transmission occurs, while partial transmission and partial reflection occur for rays near 
this. It is possible then, that the close proximity of fHF to the topside resonance allows for THFIL also in a 
suppressed pump field due to the anomalous absorption in the bottomside.

In case B fHF is below fdbl on the bottomside ionosphere for approximately 1 min and the duration of several 
frequency steps, permitting the development of large scale density ducts (Basu et al., 1997). The Weak BH-
FIL observed during this time are consistent with this, as the wave energy is absorbed by upper hybrid phe-
nomena a few kilometer below the matching height and associated anomalous absorption (Robinson, 1989). 
Although we do not have direct observations of density ducts, we argue that it is likely they were excited 
by the pump wave. The large electron temperature enhancements we observe (up to ∼3500 K), during HF 
pulses are significantly larger than what is obtained with Ohmic heating alone (Bryers et al., 2013). Such 
anomalous heating is attributed to resonant heating effects at the upper hybrid resonance altitude, that are 
strongly coupled to the generation of field aligned density striations (A. V. Gurevich, 2007; A. V. Gurevich 
et al., 1996; Istomin & Leyser, 1997).

As fHF approaches fdbl on the bottomside, the growth of the density striations is suppressed (Honary 
et al., 1999; Huang & Kuo, 1994; Mjølhus, 1993; Robinson, 1989) and pump wave energy is guided by the 
remaining ducts to reach the resonance altitude, permitting coupling to Langmuir and ion acoustic waves. 
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BHFIL THFIL

Case A

Observed during fHF downstepping experiments �• Predominantly appear for fHF = 0–100 kHz below 
the bottomside fdbl

�• Fade completely for Δf < ∼−100 kHz
�• Enhancement at altitude between matching 
height and resonance height
�• Weak and fading central feature in ion line spectra

�• Predominantly appear when fHF is 
between ≈ −100 and 18 kHz around the 
topside fdbl

�• Growing enhancements as BHFIL fade
�• Enhancement at resonance height
�• Filled in ion line spectra/weak central 
feature

Case B

Observed during fHF upstepping experiments �• Strong enhancements when fHF is 80 kHz below, 
and ∼9.8 kHz above the bottomside fdbl

�• BHFIL abruptly disappear as fHF increases above 
the bottomside fdbl

�• Stronger than THFIL
�• Enhancement appears to be at the resonance 
height
�• Prominent, distinct central feature in ion line 
spectra

�• Only appear simultaneous to BHFIL, 
when fHF is 80 kHz below, and ∼9.8 kHz 
above fdbl at the bottomside
�• Weaker then BHFIL
�• Enhancement at resonance height
�• Filled in ion line spectra/weak central 
feature

Abbreviations: BHFIL, bottomside HF-enhanced ion lines; HF, high frequency; THFIL, topside HF-enhanced ion lines

Table 1 
Main Characteristics of BHFIL and THFIL for Case A and Case B
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This can be seen as an increase in the BHFIL power, observed near the resonance altitude, as fHF approaches 
fdbl. Hence, a larger portion of the pump wave energy reaches the topside resonance region, compared to 
case A, by propagation in the L mode guided by large scale density ducts. THFIL are therefore observed as a 
result of partial reflection of Z mode rays just outside the central ray in the density duct.

With the above discussion in mind the main difference between case A and case B appears to be the alloca-
tion of pump wave energy for the generation of BHFIL and the relative proximity of fHF to a fdbl, either on 
the topside or on the bottomside.

6.  Conclusions
We have shown two cases, with different characteristics, of systematically recurring THFIL during an ex-
periment at the EISCAT Heating facility on October 18th and 19th, 2017. A pump wave with an O mode po-
larization was transmitted in the magnetic zenith direction in a 2-min-on, 5-min-30-sec-off cycle, stepping 
through the double resonance frequency of the electron gyro frequency and the local upper hybrid frequen-
cy. Plasma parameters were obtained from the EISCAT UHF radar, allowing for high accuracy calculations 
of the altitude profile of the plasma-, upper hybrid-, and L mode cut-off frequencies. In case A, THFIL were 
observed when fHF is at or below the double resonance frequency at the topside ionosphere. No or weak 
BHFIL were observed at the pump frequencies of the strongest THFIL. In case B observations the THFIL 
occur simultaneous to BHFIL, when fHF is at or below the bottomside double resonance frequency. These 
are consistent with previous observations of THFIL made by Rexer et al. (2018) and Borisova et al. (2020). 
We interpret the observations as a result of pump wave guiding into the L mode by large scale density 
ducts to propagate through the ionospheric density peak. The pump wave may access the plasma resonance 
through these artificial radio windows in the magnetic zenith direction, in the same manner as Mjølhus 
and Flå (1984) describe theoretically for natural radio windows in a horizontally stratified ionosphere. We 
suggest that the main difference between the two characteristic cases of THFIL is the amount of available 
pump wave energy that reaches the topside resonance region and the relative proximity of the pump wave 
frequency to the double resonance frequency at the topside resonance region for case A and the bottomside 
resonance region for case B.

Data Availability Statement
The data of EISCAT UHF radar during the experiment can be obtained from EISCAT https://portal.ei-
scat.se/schedule/. The EISCAT ISR analysis tool GUISDAP is available at https://eiscat.se/scientist/
user-documentation/guisdap/.
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Abstract. High-frequency electromagnetic pumping of iono-
spheric F-region plasma at high and mid latitudes gives the
strongest plasma response in magnetic zenith, antiparallel
to the geomagnetic field in the Northern Hemisphere. This
has been observed in optical emissions from the pumped
plasma turbulence, electron temperature enhancements, fila-
mentary magnetic field-aligned plasma density irregularities,
and in self-focusing of the pump beam in magnetic zenith.
We present results of EISCAT (European Incoherent SCAT-
ter association) Heating-induced magnetic-zenith effects ob-
served with the EISCAT UHF incoherent scatter radar. With
heating transmitting a left-handed circularly polarized pump
beam towards magnetic zenith, the UHF radar was scanned
in elevation in steps of 1.0 and 1.5◦ around magnetic zenith.
The electron energy equation was integrated to model the
electron temperature and associated electron heating rate and
optimized to fit the plasma parameter values measured with
the radar. The experimental and modelling results are consis-
tent with pump wave propagation in the L mode in magnetic
zenith, rather than in the O mode.

1 Introduction

A powerful high-frequency (HF) electromagnetic wave
transmitted from the ground into the ionospheric F region
stimulates the strongest plasma response on long timescales
in the direction antiparallel to the geomagnetic field in the
Northern Hemisphere as seen from the HF transmitter. This
magnetic zenith effect has been observed in several ways for

a range of pump frequencies in experiments at high and mid
latitudes.

In experiments with EISCAT (European Incoherent SCAT-
ter association) high-power HF facility Heating in Norway
in 1999, pump-induced optical emissions were imaged un-
ambiguously for the first time (Brändström et al., 1999). Gus-
tavsson et al. (2001) presented tomography-like estimates of
the volume distribution of the 630.0 nm emissions from these
experiments and found that the emissions intensified and
self-focused towards magnetic zenith during the 4 min pump-
ing. Kosch et al. (2000) observed that while the HF beam was
directed vertically, the region of maximum optical emissions
was displaced towards magnetic zenith as seen from EISCAT
Heating. The authors also noted that published data of co-
herent HF radar scatter off geomagnetic field-aligned density
irregularities tend to maximize in the magnetic field-aligned
direction.

Radio tomography and scintillations using amplitude and
phase measurements on the ground of VHF signals from or-
biting satellites were used to study HF pump-induced elec-
tron density modifications in experiments with the mid-
latitude Sura HF facility in Russia. Small-scale filamen-
tary magnetic field-aligned plasma density irregularities were
found to be strongest in magnetic zenith, both when the Sura
beam was vertical and at an angle in between the vertical
and magnetic zenith (Tereshchenko et al., 2004). Further, ini-
tial experiments with the Sura HF beam directed either 12◦

south of vertical or 16◦ both showed the strongest optical
emissions at 630.0 nm near magnetic zenith at 18–19◦ south
(Grach et al., 2007).
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Rietveld et al. (2003) scanned the EISCAT Heating beam
between three elevations from vertical to near magnetic
zenith and found that electron temperature enhancements
were almost always strongest in the magnetic zenith posi-
tion. When the EISCAT UHF radar was scanned between the
same positions, the strongest electron heating was always ob-
served near magnetic zenith. In addition, optical emission at
630.0 nm was localized near magnetic zenith and HF coher-
ent radar scatter off geomagnetic field-aligned density stri-
ations maximized when the Heating beam was in magnetic
zenith. Blagoveshchenskaya et al. (2006) too observed the
strongest field-aligned density striations when the Heating
beam was in magnetic zenith.

Honary et al. (2011) examined the temporal evolution of
the magnetic zenith effect as observed in the electron temper-
ature measured by the EISCAT UHF radar. The beams from
the Heating facility and the UHF radar were alternatively di-
rected vertically and in magnetic zenith. Maximum tempera-
ture enhancements were observed when both the Heating and
radar beams were in magnetic zenith. Further, these electron
temperature enhancements reached a stationary state already
within 10 s after pump-on in the 60 s on–90 s off pump cycle.

The magnetic zenith effect in optical emissions has also
been observed in experiments with the HAARP (High fre-
quency Active Auroral Research Program) facility in Alaska,
USA (Pedersen and Carlson, 2001; Pedersen et al., 2003).
Further, Pedersen et al. (2008) determined the optical emis-
sion production efficiency as a function of angle by HF
beam-swinging experiments. The maximum emission effi-
ciency occurred exactly in the geomagnetic field-aligned po-
sition.

Kosch et al. (2007) observed self-focusing of the pump
beam in magnetic zenith in experiments at HAARP. The
pump-induced optical emissions at 557.7 nm collapsed from
a cone of approximately 22 to 9◦ within tens of seconds after
pump-on while cycling the pump 60 s on–60 s off.

In the present treatment we report experimental results on
the magnetic zenith effect obtained with the EISCAT Heating
facility (Rietveld et al., 2016). The F-region plasma response
to the HF pumping was observed with the EISCAT UHF in-
coherent scatter radar that was scanned in steps of either 1.0◦

or 1.5◦ around magnetic zenith to measure the electron tem-
perature and other plasma parameter values. Nonlinear least
squares analysis was used to fit electron temperature pro-
files obtained from integrating the electron energy equation
with a parameterized heat source to measured plasma param-
eters, taking into account heat conduction, electron heating
and cooling. The analysis gave the electron heating rate as a
function of altitude and elevation angle. The results are con-
sistent with the pump wave propagating in the L mode in
magnetic zenith and in the O mode at angles deviating from
zenith.

2 Experiment setup

The EISCAT Heating experiments were performed during
daytime in November 2014 and October 2017. The Heating
facility transmitted a left-handed circularly polarized wave
(LHCP, often referred to as O mode) in a beam directed to-
wards magnetic zenith (∼ 78◦ elevation south) and cycling
150 s on–85 s off. The Heating beam width at −3 dB was
∼ 6◦. The term “left-handed” is defined with reference to the
geomagnetic field direction: the electric field rotates in the
opposite sense to the gyromotion of electrons.

Plasma parameter values in the F region were obtained
with the EISCAT UHF incoherent scatter radar. The radar
measurements utilized the Beata modulation scheme which
includes a 32 bit binary alternating code with a baud length
of 20 µs. The UHF radar beam was scanned in steps of 1.0◦ in
the experiment in November 2014 and in steps of 1.5◦ in Oc-
tober 2017, between eight elevations around magnetic zenith
in the plane containing the vertical and with a duration of
5 s in each position. The radar beam width was ∼ 0.5◦. The
pump cycle of 150 s on–85 s off enabled appropriate cover-
age of the radar measurements throughout the pump-on time,
so that after several pump cycles under stable ionospheric
conditions the temporal evolution during the pumping could
be obtained at all elevations. The radar data analysis provided
5 s temporal resolution and 15–20 km range resolution, de-
pending on the range.

3 Experimental results

Figure 1 displays measured height profiles for the electron
concentration (Ñe), electron temperature (T̃e) and ion tem-
perature (T̃i) for the experiment on 25 November 2014 (the
tilde denotes measured parameters as opposed to modelled
ones). For this case the pump frequency is f0 = 6.30 MHz,
which is approximately half way between the fourth and
fifth electron gyroharmonics in the F region. The transmit-
ted power was 818 kW. For some unknown technical rea-
son, Heating did not transmit a circularly polarized wave
during this experiment: the effective radiated power (ERP)
was 242 MW in LHCP and 157 MW in right-handed cir-
cular polarization (RHCP), assuming a perfectly conduct-
ing ground. However, electron heating effects from pumping
with LHCP dominate over those with RHCP. Bryers et al.
(2013) estimated the height-integrated heating source for O-
mode pumping to be approximately a factor of 3 larger than
for X-mode pumping, for a pump duty cycle of 50 % and
the O-mode pump frequency not near an electron gyrohar-
monic, with the X-mode frequency near a gyroharmonic
(their Fig. 5), however. In addition, the ERP in our exper-
iments for LHCP was larger than for RHCP. We therefore
consider the measured heating effects to be representative of
pure LHCP pumping.

Ann. Geophys., 38, 297–307, 2020 www.ann-geophys.net/38/297/2020/
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The Ñe profile in Fig. 1a is stable throughout the dis-
played time interval and does not show modulations due to
the pumping. However, the T̃e profile in Fig. 1b exhibits clear
pump-induced modulations. The HF pumping is marked by
white boxes and the red zigzag line indicates the radar el-
evation scan. The T̃i shown in Fig. 1c only exhibits weak
pump-induced modulations. The ionospheric conditions and
response to the HF pumping in the experiments on 24 Oc-
tober 2017 were similar to those shown in Fig. 1. However,
whereas for 2014 the ionospheric critical frequency f oF2
was near 8 MHz, well above f0, f oF2 was near f0 in 2017.

The used pump cycle in combination with the radar scan
cycle enabled measurement of the temporal evolution of the
ionospheric parameters at all radar elevation angles through-
out the pumping. Figure 2 shows the temporal evolution of
height profiles of T̃e for the different elevation angles of
the UHF radar, starting at t = 5 s after pump-on for the ex-
periments on 25 November 2014. Such measurements re-
quire reasonably stable ionospheric conditions during sev-
eral pump cycles (see Fig. 1), as the radar, scanning eight
elevations between 75.2 and 82.2◦, samples the interaction
region at a given elevation at different times after pump-on
in different pump pulses. With measurements at sufficiently
many pump pulses the temporal evolution can then be traced
throughout the duration of pump-on (t = 0–150 s) at all ele-
vations.

As seen in Fig. 2, T̃e enhancements occurred already
within the first few seconds of pump-on. The high T̃e around
300 km in the first 5 s data dump is likely not real but due
to HF enhanced ion acoustic lines on the topside ionosphere.
During the following few tens of seconds T̃e was further en-
hanced at all elevations and in a wider altitude range. No-
tice also the slow conduction of electron heat toward increas-
ing altitudes with time, up to 300–400 km altitude, as can be
seen in Fig. 1 too. The strongest T̃e enhancements occurred at
the elevations 77.2 to 79.2◦, around magnetic zenith (∼ 78◦).
This is also where the T̃e enhancements extended toward the
highest altitudes. Differences in the enhanced T̃e profiles can
be discerned even though the radar elevation changes by only
1.0◦.

Figure 3 displays T̃e height profiles versus time for the
experiment on 24 October 2017. As for Fig. 2, the high T̃e
around 300 km in the first 5 s data dump is likely not real. In
this experiment f0 = 6.2 MHz, which again is approximately
half way between the fourth and fifth electron gyroharmon-
ics in the F region. The transmitted power was 734 kW and
the ERP was 471 MW (LHCP). The radar was scanned in
steps of 1.5◦ from 74.56 to 85.06◦, which is a larger range
of elevations than that covered by the 1.0◦ steps in Fig. 2.
T̃e enhancements due to the HF pumping again occurred al-
ready in the first 5 s radar data integration after pump-on and
T̃e was the highest at elevations 77.56 and 79.06◦, closest to
magnetic zenith (∼ 78◦). The gaps in the plots are because
the ionospheric conditions were not stable long enough to
give sufficient data to obtain the full temporal evolution at all

elevations. However, the results for T̃e are similar to those in
Fig. 2 for the experiments on 25 November 2014.

4 Electron heating model

To get information on the source that underlies the observed
electron temperature enhancements, we model the electron
heating rate through the fluid equations (Shoucri et al., 1984).
As the measurements of the UHF incoherent scatter indicate
no major pump-induced effects in Ñe and T̃i (Fig. 1), the fluid
equations can be reduced to the electron energy equation:
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where Te(z, t) is the modelled electron temperature, ẑ is the
unit vector in the direction of the geomagnetic field, kB is
Boltzmann’s constant, κe(Te,z, t) is the electron heat con-
ductivity, QHF is the HF pump wave energy deposition to
the electrons,Qe(z, t) is the background electron heating rate
(mainly from photoelectrons), and Le(Te,z, t) is the electron
cooling rate due to elastic and inelastic collisions with ions
and neutrals.

With negligible plasma drift along the geomagnetic field
as measured with the UHF radar, the convective terms in
Eq. (1) can be neglected, giving (Löfås et al., 2009; Gus-
tavsson et al., 2010)
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+QHF+Qe−Le. (2)

The heating rate of the electrons due to the electromagnetic
pump wave consists of two parts:

QHF =Q�+QAA, (3)

where Q� is the ohmic heating due to collisional damping
of the pump wave and QAA is the heating due to the anoma-
lous absorption of the wave associated with the excitation of,
for example, upper hybrid turbulence and associated small-
scale density striations. The ohmic heating rate is the time-
averaged product of the pump electric field E0 and induced
electric current σ ijE0, where σ ij is the conductivity tensor:
Q� = (1/2)Re[E∗0 · (σ ijE0)] (Gustavsson et al., 2010). At
the relatively high ERP levels used in the experiments, QAA
gives the dominating contribution toQHF and may be several
times larger than Q� (Bryers et al., 2013).

In the present treatment we obtain a model Te(z, t) of the
observed T̃e(z, t) by integrating the electron energy Eq. (2).
The electron heating rate QHF(z, t) due to the HF pumping
is modelled by a one-dimensional and asymmetric Gaussian
along the geomagnetic field.QHF(z, t) has its maximumQm
at range z0 and has independent upper (σu) and lower (σl)
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Figure 1. Height profiles as a function of time of Ñe (a), T̃e (b) and T̃i (c) during pump cycling on 25 November 2014. The white boxes in
(b) show pump-on and the red zigzag line indicates the elevation of the UHF radar which was scanned between 75.2 and 82.2◦ in 1.0◦ steps.

half-widths (Senior et al., 2012; Bryers et al., 2013):

QHF(z, t)=


Qm exp
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, z ≥ z0,

(4)

where ton ≤ t ≤ toff is the time during which HF pumping
occurs. This leads to a parameter estimation problem in the
model parameters Qm, z0, σl, σu, and τ that we solved by
weighted nonlinear least squares:

parHF = argmin
∑[

T̃e(z, t)− Te(z, t,parHF)

σT̃e

]2

, (5)

where Te(z, t,parHF) is obtained by integrating Eq. (2) with
QHF(z, t,parHF) and σT̃e

is the standard deviation of the ob-
served electron temperature.

When integrating Eq. (2) we used the observed range pro-
files for T̃i and Ñe as they evolve in time at each elevation.

For example, Le depends on both Ti and Ne and both the
left-hand side of Eq. (2) and κe depend on Ne. As the ini-
tial condition we took a smoothed T̃e range profile measured
just before pump-on. Further, we used mixed boundary con-
ditions, taking at the lower boundary Te = T̃e(z= 150km, t)
as given by the UHF radar measurements at z= 150 km
slightly before pump-on at t = ton and at the upper bound-
ary ∂Te/∂z(z= 500km, t)= 0. The fixed temperature at the
lower boundary follows from the observations with the ad-
ditional theoretical justification that at such low altitudes Te
and Ti are both approximately equal to the neutral tempera-
ture due to the high collision frequencies. The upper bound-
ary condition too is based on the observations and corre-
sponds to a balance between upward heat flux out from the
ionosphere and downward heat flux from the magnetosphere
into the ionosphere.
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Figure 2. Height profiles of T̃e (colour coded) versus time for the different elevation angles of the UHF radar between 75.2 and 82.2◦ on
25 November 2014 (11:03:45–13:00:00 UT). Pump-on was from t = 0 to t = 150 s.

5 Modelling results

The temporal evolution of the modelled Te altitude profile for
the elevation angles scanned by the radar is obtained by in-
tegrating Eq. (2) with the optimal parameters for QHF(z, t).
The results are shown in Figs. 4 and 5, which correspond to
the measurements in Figs. 2 and 3, respectively. Te(z, t) is en-
hanced for all elevations already within the first seconds af-
ter pump-on at t = 0 s. Slow conduction of the electron heat
is seen both upward and downward in altitude and Te(z, t)

reaches the highest values near magnetic zenith (∼ 78◦). The
modelling results in Figs. 4 and 5 agree qualitatively with the
measurements in Figs. 2 and 3, respectively.

Figure 6 displays the corresponding QHF versus elevation
angle for the experiment on 25 November 2014 (Fig. 2) in
panels (a) and (b) and for 24 October 2017 (Fig. 3) in pan-
els (c) and (d). Figure 6a and c show the column-integrated
QHF (blue) as well as the profile of the transmitted Heat-
ing beam (red) and Fig. 6b and d depict the altitude profiles

of QHF. These modelling results are for the case after that
steady state was reached in the 150 s pump-on period. The
white and black lines in Fig. 6b and d show the altitudes of
the plasma and upper hybrid resonances, respectively, as ob-
tained from the ion and plasma lines. The altitude separation
between the two resonances is larger in Fig. 6d for which f0
was near f oF2 than in Fig. 6b for which f0 was well below
f oF2.

The column-integrated QHF in Fig. 6a is maximum at
78.2◦ and in Fig. 6c at 77.5◦, which are the same elevations
at which the observed electron temperature reached the high-
est values (Figs. 2 and 3, respectively). Also, the column-
integrated QHF is maximum at the elevation closest to mag-
netic zenith (∼ 78◦, labelled by MZ in the plots).

Further, as seen in Fig. 6a and c, the angular extent of the
QHF profile is smaller than that of the Heating beam. QHF
follows the profile of the Heating beam at elevations lower
than magnetic zenith (∼ 78◦), while at higher elevations it is
more confined to magnetic zenith than the Heating beam. For
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Figure 3. Height profiles of T̃e (colour coded) versus time for the different elevation angles of the UHF radar between 74.56 and 85.06◦ on
24 October 2017 (12:00:00–12:43:00 UT). Pump-on was from t = 0 to t = 150 s.

reference, the Spitze angle is about 6◦ from the vertical or at
about 84◦ elevation.

As seen in Fig. 6b and d, the altitude profile of QHF is
generally asymmetric, with QHF decreasing steeply with in-
creasing altitude above the maximum and declining more
gradually with decreasing altitude below the maximum. Only
in Fig. 6d for 77.5◦ (at magnetic zenith) does QHF decrease
more slowly toward high altitudes than toward lower alti-
tudes. Also, QHF decreases steeply for increasing elevations
beyond about 80◦, towards the vertical. This decrease inQHF
with increasing elevation is steeper than what would be ex-
pected from the point view of the width of the Heating beam
in vacuum (see Fig. 6a and c).

It is notable that QHF reaches larger values at the two ele-
vations next to magnetic zenith compared to at the elevation
nearest to magnetic zenith. In Fig. 6b, QHF is slightly higher
at 77.2 and 79.2◦ than at 78.2◦, while theQHF profile is more
extended in altitude at 78.2◦. Figure 6d shows larger differ-
ences, withQHF higher at 76.0 and 79.0◦ than at 77.5◦, while

the QHF profile is more extended in altitude at 77.5◦. Thus,
despite the maximum of theQHF profile being slightly lower
at magnetic zenith compared to at the two nearest neighbour-
ing elevations, the column-integrated QHF is maximum at
magnetic zenith (Fig. 6a and c) for both experiments.

6 Discussion

We have presented experimental and modelling results con-
cerning electron heating and the ionospheric plasma response
to HF pumping near magnetic zenith. The experiments were
performed with the EISCAT Heating facility and measure-
ments of the plasma response were done with the EISCAT
UHF incoherent scatter radar. The Heating beam was tilted
in the magnetic zenith direction and the UHF radar was
scanned between eight positions around this direction to
study the electron-heating efficiency. The electron heating
rate QHF(z, t) and associated electron temperature Te(z, t)

due to the HF pumping were modelled by integrating the en-
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Figure 4. Modelled temporal evolution of the altitude profile of the electron temperature Te(z, t) for the different elevation angles in the
experiments on 25 November 2014 (Fig. 2).

ergy Eq. (2) and fitting the model parameters with respect to
the measurements of Ñe, T̃e and T̃i.

Differences in the plasma response were observed for
radar elevations differing by only 1◦ (Fig. 2). The pump-
induced measured T̃e(z, t) enhancements (Figs. 2 and 3), the
modelled Te(z, t) (Figs. 4 and 5) and the associated column-
integrated QHF (Fig. 6) were all found to maximize in the
magnetic zenith direction (∼ 78◦ elevation). Further, the an-
gular width of theQHF profile, with a full width at half maxi-
mum (FWHM) of about 4◦ around magnetic zenith, was less
than that of the HF beam, which suggests that some focusing
of the Heating beam occurred.

Pedersen et al. (2008) obtained the angular distribution
of the optical emission production efficiency by HF beam-
swinging experiments at HAARP. The optical emission pro-
duction efficiency peaked at magnetic zenith with a FWHM
of 7◦, for which the HAARP beam width and many other
experiment variables were accounted. This FWHM of 7◦ is
larger than the two cases for QHF in Fig. 6. The HAARP

experiments used an ERP of 32.1 MW at 2.83 MHz and
42.4 MW at 3.3 MHz, thus, both lower ERP and lower f0
than in the present EISCAT experiments. It is plausible that
self-focusing effects were larger at the higher ERP in the
present experiments, which could give a narrower region of
pump-induced enhancements.

It has been proposed that filamentary plasma density ducts
can guide a transmitted LHCP wave, entering the ionosphere
in the O mode, as an L-mode wave along the geomagnetic
field (Leyser and Nordblad, 2009; Nordblad and Leyser,
2010). The L mode is an LHCP electromagnetic wave mode
with the wave vector parallel or anti-parallel to the ambi-
ent magnetic field. For a homogeneous and cold magnetized
plasma the refractive index (n‖) parallel to the ambient mag-
netic field is given by n2

‖
= 1− f 2

p /f (f + fe), where fp is
the electron plasma frequency and fe is the electron gy-
rofrequency. Whereas the O mode has a cutoff at fp = f0,
the L mode has the cutoff frequency fL =−fe/2+ (f 2

p +

f 2
e /4)

1/2, which corresponds to fp ≈ f0+fe/2 for f 2
p � f 2

e
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Figure 5. Modelled temporal evolution of the altitude profile of the electron temperature Te(z, t) for the different elevation angles in the
experiments on 24 October 2017 (Fig. 3).

for a pump wave at frequency f = f0. Thus, an electromag-
netic wave in the L mode can propagate at higher plasma
densities than in the O mode.
L-mode propagation can occur when the background

plasma density gradient near the plasma resonance is par-
allel to the geomagnetic field, instead of the density gradi-
ent for example being vertical as in a horizontally stratified
ionosphere. Such a condition with the density gradient be-
ing magnetic field-aligned can occur in density ducts, either
natural or pump-induced. In the L mode the pump wave can
propagate upwards, passing through the plasma resonance on
its way to the cutoff at fp ≈ f0+ fe/2 if the plasma is suf-
ficiently dense. With its perpendicular electric field, strong
pumping of upper hybrid phenomena localized in small-
scale density striations and related anomalous electron heat-
ing can occur at higher altitudes and deeper into the plasma
compared to the case of an O-mode wave which therefore
could contribute to the strong plasma response observed in

magnetic zenith (Leyser and Nordblad, 2009; Nordblad and
Leyser, 2010).

The HF pump-induced electron heating rateQHF obtained
for our experiments exhibited an interesting dependence on
the elevation angle near magnetic zenith (Fig. 6). QHF is
maximum at the elevations next to magnetic zenith. At mag-
netic zenith, the QHF profile is more extended in altitude,
such that the column-integrated QHF is maximum in this
direction. These results are consistent with the pump wave
propagating in the L mode in magnetic zenith and in the
O mode at angles deviating from the zenith direction. As
a wave in the L mode propagates to higher altitudes than
in the O mode, electron heating can occur in a more ex-
tended altitude range for L-mode propagation, thereby giv-
ing maximum column-integrated electron heating in mag-
netic zenith. The large difference in the QHF profile between
magnetic zenith and the adjacent elevations is consistent with
that the pump wave in the O mode has a much lower reflec-
tion height than in the Lmode; theO-mode reflection height

Ann. Geophys., 38, 297–307, 2020 www.ann-geophys.net/38/297/2020/



T. B. Leyser et al.: Electron heating by HF pumping near magnetic zenith 305

Figure 6. Modelled electron heating rate QHF (eV m−3 s−1) during steady state versus radar elevation angle for 25 November 2014 (a, b)
and 24 October 2017 (c, d). Panels a and c display the column-integrated QHF (blue dots, with connecting lines to guide the eye) and the
relative intensity of the transmitted Heating beam (red) assumed to propagate in vacuum. The elevation corresponding to magnetic zenith is
indicated by the dashed line and labelled MZ. Panels b and d show the altitude profiles of QHF. The white line indicates the altitude of the
plasma resonance where fp = f0 and the black line shows the upper hybrid resonance height at which the upper hybrid frequency equals f0.
Note that the elevation scale is different in panels a and b and c and d.

is well below the plasma resonance for elevations near mag-
netic zenith. In magnetic zenith the pump wave is guided by
magnetic field-aligned density ducts in the L mode, but at
the adjacent elevations the pump wave makes too large an
angle to the magnetic field for trapping of the HF wave in
the duct, and thus guiding, to occur so that instead the pump
wave propagates in the O mode.

Evidence of L-mode propagation of the EISCAT Heat-
ing beam has previously been obtained as transionospheric
propagation for f0 < foF2< f0+fe/2, in which case an L-
mode wave would not be reflected but pass through the iono-
spheric plasma density peak. This was observed by direct
measurement on the CASSIOPE spacecraft (Leyser et al.,
2018) and indirectly by EISCAT UHF radar observations of
ion acoustic lines in the topside ionosphere (Rexer et al.,
2018).

Figure 6 also displays the altitude of the plasma resonance
(white lines in Fig. 6b and d). The position of the QHF pro-
file relative to the plasma resonance is not fully understood.
In Fig. 6b, QHF is maximum slightly above the plasma res-
onance at magnetic zenith. This is consistent with a pump
wave in the L mode being able to propagate well above the
plasma resonance, whereas anO-mode wave cannot. Further,

an L-mode wave has its electric field perpendicular to the ge-
omagnetic field all the way up to its reflection height, so that
pumping of upper hybrid turbulence can occur in an extended
altitude range. In the O mode, on the other hand, the electric
field turns to parallel to the geomagnetic field close to the
reflection height, which favours excitation of Langmuir tur-
bulence that generally causes less electron heating than upper
hybrid turbulence.

However, in Fig. 6d all electron heating appears to occur
well below even the upper hybrid resonance height (black
line). In this case f oF2 was near f0, whereas for Fig. 6b it
was well above f0, which is consistent with that the altitude
separation between the plasma and upper hybrid resonances
is larger in Fig. 6d. We do not have any explanation for why
electron heating seemed to occur at such low altitudes in this
case.

Gurevich et al. (2002) developed a theory for self-focusing
of the electromagnetic pump wave propagating in the O
mode on geomagnetic field-aligned density striations. An im-
portant mechanism in the nonlinear pump beam self-focusing
is the trapping of pump rays near the magnetic zenith direc-
tion in the large-scale density depletions within the beam, as
previously was found in numerical studies (Gurevich et al.,
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1999). The results were shown to be consistent with observa-
tions of pump-induced optical emissions at HAARP (Peder-
sen et al., 2003). However, the possibility of propagation of
the pump wave in the L mode, deeper into the plasma than
what is possible in theO mode, was not considered. Whereas
the nonlinear self-focusing of the pump beam is an important
mechanism, particularly for guiding the pump beam in mag-
netic zenith, it does as it stands not seem to account for the
difference that we have found in the altitude distribution of
the electron heating rate in magnetic zenith compared to that
just about 1◦ away from this direction (Fig. 6). We therefore
suggest that such theories for self-focusing are developed to
include the possibility of L-mode propagation.

7 Conclusions

The EISCAT Heating facility was used to pump ionospheric
F-region plasma by cycling 150 s on–85 s off with an LHCP
HF beam directed in magnetic zenith. Plasma parameter val-
ues were measured with the EISCAT UHF incoherent scatter
radar that was scanned in steps of 1.0◦ (November 2014) and
1.5◦ (October 2017) in elevation around magnetic zenith. The
temporal evolution of the electron temperature profile was
modelled by integrating the electron energy equation, which
was used to fit the measured plasma parameter values with a
model electron heating rate.

The observed electron temperature enhancements and the
associated column-integrated electron heating rate and mod-
elled electron temperature all exhibit maxima in magnetic
zenith. In addition, the altitude range of electron heating is
more extended in magnetic zenith than for elevations de-
viating from the zenith direction. These results are consis-
tent with pump wave propagation in the L mode rather than
purelyO mode and suggest the importance of L-mode prop-
agation for understanding magnetic zenith effects.
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