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Preface

In the presented habilitation thesis, I propose a collection of 30 publications in peer-
reviewed impacted international journal of which I am the main author or a coauthor. The
presented work has been done primarily at the Department of Surface and Plasma Science
of the Faculty of Mathematics and Physics, Charles University in Prague. It concerns
the wave phenomena in the space plasma environment, which is my primary scientific
focus. My collaboration with Laboratoire de Physique et Chimie de l’Environnement et de
l’Espace in Orléans, France (where I defended my Ph.D. thesis in cotutelle) was also crucial
for many of the publications. Apart from this, I am actively involved in the analysis of the
Martian ionosphere, which is a topic that I started during my postdoctoral fellowship at
the Department of Physics and Astronomy of the University of Iowa in Iowa City, Iowa,
USA, and which I still continue to pursue. However, in order to keep the theme of the
thesis reasonably focused, this – albeit important – part of my research is not discussed
here.

All the presented papers use the analysis of recent satellite data to study some of the
open topics related to electromagnetic wave phenomena in the space plasma environment
surrounding the Earth. We focus in particular on three types of very low frequency wave
phenomena, which were the subject of most of my research: equatorial noise emissions,
quasiperiodic emissions, and line radiation. All these emissions can be possibly important
for the dynamics of the Van Allen radiation belts, and they receive a continuous attention
of the community.
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Chapter 1

Introduction

Space plasma physics is a part of physics which deals with the plasma environment in the
solar system, or, more generally, with the plasma environment anywhere where spacecraft
measured in situ data are available. Given the large dimensions of the system, and the
absence of any artificial boundaries (which are necessarily present in the case of laboratory
experiments), this represents a unique natural laboratory. However, a clear drawback is
that there is nearly no way how to modify the system parameters, and we have to rely on
what the nature itself provides us with1.

The principal source of energy which drives the analyzed system is the Sun. Apart from
electromagnetic waves, it emanates a steady flow of plasma, so-called solar wind. This
plasma consists primarily of protons and electrons, with a small portion (on the order of a
few percent) of helium ions. The parameters of the solar wind vary significantly. However,
in the long-term average, densities are about 5 cm−3 and flow speeds about 400 km/s.
The densities are so low that the plasma is practically collisionless. Consequently, once
the magnetic field of the solar origin is present in the plasma, it becomes frozen in and it
moves along with the plasma flow.

The Earth’s intrinsic (roughly dipolar) magnetic field represents an effective obstacle
to the incoming solar wind. A pressure balance is set between the dynamic pressure of the
solar wind flow and the pressure of the planetary magnetic field. This results in a boundary
between the solar wind dominated region and the region controlled by the planetary mag-
netic field. This characteristic boundary is called “magnetopause”, and its location in the
subsolar point is usually at a distance of about 10 Earth radii (RE) from the Earth. The
interaction with the solar wind changes significantly the topology of the Earth’s magnetic
field, which consequently significantly differs from a dipolar configuration, in particular at
larger radial distances. Further, as the solar wind flow in the solar system is supersonic, an
additional boundary (“bow shock”) is formed upstream from the magnetopause (typically
at about 13RE in the subsolar point), where the solar wind is abruptly slowed down and
becomes more dense.

We focus on the region called “inner magnetosphere”, which is the region at radial

1Some active experiments focused on modifying the system itself exist(ed), but the modifications are
generally rather localized, and such experiments are not a focus of the presented thesis.
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6 CHAPTER 1. INTRODUCTION

distances lower than the magnetopause, where the Earth’s magnetic field can be still con-
sidered as roughly dipolar. The plasma inside this region is basically 100% ionized, and
it consists primarily of electron and hydrogen ions. The nearly dipolar magnetic field
configuration allows charged energetic particles to be be efficiently trapped in the inner
magnetosphere. Such a magnetic field trapping then results in the formation of so-called
Van Allen radiation belts, i.e., regions with a significant population of high energy charged
particles. Another important inner-magnetospheric region, this time formed by low energy
plasma population, is the “plasmasphere”. It is a region where the plasma density (albeit
decreasing with increasing radial distance) remains relatively large, n >≈ 100 cm−3. Its
spatial extent depends significantly on the geomagnetic activity. However, in the equatorial
plane, it typically extends up to about 4RE (and it maps along the magnetic field lines to
larger geomagnetic latitudes). The outer boundary of the plasmasphere is called “plasma-
pause”. There, the plasma density suddenly drops by an order of magnitude within a few
tenths of RE.

As the analyzed plasma environment is nearly collisionless, thermodynamic equilibrium
of individual plasma species can be hardly achieved through collisions. Instead, various
plasma instabilities take place. Electromagnetic waves can be generated by unstable par-
ticle populations, propagate a considerable distance, and eventually transfer their energy
back to the plasma. The understanding of different wave phenomena occurring in the sys-
tem, in particular their generation mechanisms and propagation patterns, is thus of great
importance for understanding the analyzed system. In particular, electromagnetic waves
in the Earth’s magnetosphere are crucial for the formation of Van Allen radiation belts,
being responsible both for particle energization and losses.

There is a large number of different wave phenomena which take place in the Earth’s
inner magnetosphere. These occur in a broad range of frequencies, from less than 1 Hz
up to a few MHz. We focus specifically on waves at frequencies between about 10 Hz
and 10 kHz. This frequency range is well covered by recent satellite measurements, and,
moreover, the waves in this frequency range are known to be particularly efficient when
interacting with radiation belt electrons.

Although we have limited the wave phenomena of interest to the inner magnetosphere
and the very low frequency (VLF) range, there is still a substantial number of various
wave emissions to be considered. However, among these, we focus exclusively on three
particular types of wave phenomena: “equatorial noise” (EN) emissions, “quasiperiodic
(QP) emissions”, and “line radiation” (LR). These wave phenomena were chosen, because:
i) they can be particularly important for electron dynamics in the radiation belts (EN) or
their origin is still poorly understood (QP emissions, LR), and ii) detailed wave analysis and
multipoint observations available with recent satellite instrumentation can be effectively
used for their better understanding. The presented publications cover a long period, from
2004 to 2016. During this time, there was a significant progress in the comprehension of
the analyzed phenomena, allowed by a theoretical development, and, most importantly, by
new high-resolution and multipoint data sets being available. As an overview of all these
phenomena would be too extensive and difficult to follow, it is divided into three chapters,
one for each analyzed wave phenomenon.
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The satellites, measured data, and related methods of analysis used in our research are
shortly described in chapter 2. Individual analyzed wave phenomena will be briefly intro-
duced, and selected main corresponding results obtained will be presented in chapters 3,
4, and 5, respectively. Chapter 6 contains a summary of the presented thesis. All relevant
papers of which I am the main author or a coauthor are listed and attached in appendices.
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Chapter 2

Spacecraft Data and Analysis

Data from various recent spacecraft were used in the analysis. The performed wave mea-
surements, which are of the main interest, can be of various types. Optimally, waveforms
of all six electromagnetic field components are measured. However, due to the limited
spacecraft telemetry, these are rarely available. Often, only a waveform of a single com-
ponent (either electric or magnetic) is measured. Alternatively, in order to further reduce
the amount of data needed to be transferred, only a frequency-time spectrogram of power
spectral density of field fluctuations (with predefined frequency and time resolutions) is
available. Other data relevant for the analysis are plasma number density (and, at lower
altitudes, also the plasma composition) and energetic particle measurements.

In the following sections we will briefly introduce individual spacecraft and data used
in the analysis. We will also shortly present the most important data analysis methods
applied.

2.1 DEMETER

DEMETER was a low-altitude (altitude of about 700 km) spacecraft operating between
2004 and 2010. It had a nearly circular and almost Sun-synchronous orbit (about 10:30
and 22:30 LT), i.e., the measured data were always obtained either close to the local
noon or close to the local midnight. The measurements were performed continuously at
geomagnetic latitudes lower than about 65◦. The wave data (Berthelier et al., 2006a;
Parrot et al., 2006) in the VLF range (up to 20 kHz) consisted of an onboard calculated
frequency-time spectrograms of one electric and one magnetic field component. These had
a frequency resolution of about 20 Hz and a time resolution of about 2 s. Moreover, at
specific times, high-resolution (“Burst mode”) data were measured. In the VLF range,
these consisted of waveforms of one electric and one magnetic field component sampled at
40 kHz. Additionally, in the extra low frequency (ELF, up to 1.25 kHz) range, waveforms
of all six electromagnetic field components sampled at 2.5 kHz were available.

Apart from the wave measurements, DEMETER also measured the plasma number
density and composition (Berthelier et al., 2006b), and energetic electron flux in a specific

9



10 CHAPTER 2. SPACECRAFT DATA AND ANALYSIS

fixed direction (Sauvaud et al., 2006).

2.2 Cluster

The Cluster project (launched in 2000, still active) consists of four spacecraft placed in a
close formation on nearly identical elliptical orbits. The orbital parameters have evolved
during the course of the mission, but during the first years of operation the apogee was
at an altitude of about 119,000 km and the perigee was about 24,000 km. Primarily
the data measured during the perigee passes through the equatorial region are thus of
interest for performed inner magnetospheric studies. Multicomponent measurements of
electromagnetic waves are performed nearly continuously (Cornilleau-Wehrlin et al., 1997,
2003). Three orthogonal magnetic field components and two electric field components in
the spin plane of the spacecraft are used for onboard calculation of 5×5 spectral matrices.
The analysis is limited to 27 logarithmically spaced frequency channels between 8 Hz and
4 kHz, and the time resolution of the resulting data is about 4 s.

Apart from the low-resolution multicomponent measurements, high-resolution single
component data are available during specific time intervals (Gurnett et al., 1997, 2001).
These provide us with a waveform band-pass filtered in the frequency range about 70 Hz
– 9.5 kHz and sampled with the sampling frequency of 27,443 kHz.

Cluster measurements of the plasma number density (Décréau et al., 1997, 2001) and
low-frequency measurements of 3 components of the ambient magnetic field (Balogh et al.,
1997, 2001) were also used in some of the performed studies.

2.3 Van Allen Probes

The Van Allen Probes (formerly called Radiation Belt Storm Probes, launched in 2012,
still active) are two spacecraft following one the other along nearly identical orbits. The
orbits are close to the equatorial plane and highly elliptical, with a perigee of about 600 km
and an apogee of as much as about 30000 km. The continuous survey mode data consist
of wave intensities and propagation parameters calculated using three magnetic and three
electric field components. The time resolution of the data is 6 s, and there are 64 fre-
quency channels spanning the frequency range from 10 Hz up to 12 kHz (Kletzing et al.,
2013). Ambient magnetic field measurements with a sampling frequency of 64 kHz are
also available. Additionally, the plasma number density may be inferred from the wave
measurements (Kurth et al., 2015).

2.4 Data Analysis

Simultaneous measurements of several components of electromagnetic field allow us to
perform a detailed wave analysis, i.e., to determine the polarization properties, wave and
Poynting vector directions, Poynting flux, etc. (Santoĺık et al., 2003, 2006). Given density



2.4. DATA ANALYSIS 11

and magnetic field models, it is possible to perform a raytracing analysis. This essentially
allows us to start a wave with a given initial wave vector, and to compute its trajectory
in the dispersive plasma medium. Publicly available Tsyganenko (Tsyganenko, 1989; Tsy-
ganenko and Stern, 1996) magnetic field models provide us with a realistic description of
the magnetic field configuration, which is used for tracing the magnetic field lines, and
to determine the position of the min-B equator, which is the preferred source region of
whistler mode emissions (Trakhtengerts and Rycroft , 2008).
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Chapter 3

Equatorial Noise

EN emissions (sometimes also called “fast magnetosonic waves”) are electromagnetic waves
at frequencies between the proton cyclotron frequency and the lower hybrid frequency
routinely observed within about 10◦ from the geomagnetic equator (Santoĺık et al., 2004;
Němec et al., 2005, 2006a) at radial distances between about 2 and 8 RE (Ma et al., 2013;
Hrbáčková et al., 2015; Xiao et al., 2015). They are generated by instabilities of proton
distribution functions (Perraut et al., 1982; McClements and Dendy , 1993; McClements
et al., 1994; Horne et al., 2000; Chen et al., 2011; Ma et al., 2014) and propagate nearly
perpendicular to the ambient magnetic field. Although they originally appeared as a
noise when observed in low-resolution data (Russell et al., 1970), the analysis of high-
resolution data reveals that they consist of a system of harmonic spectral lines related
to the proton cyclotron frequency in the source region (Gurnett , 1976). These emissions
might be important for the dynamics of energetic electrons in radiation belts (Horne et al.,
2007; Bortnik and Thorne, 2010; Bortnik et al., 2015; Ma et al., 2016; Shprits , 2016), and
they are thus a subject of intense ongoing research.

3.1 Polarization

An example of an EN event is shown in Figure 3.1. The data were measured by Cluster 4
on 23 April 2002. We use a traditional representation in the form of frequency-time spec-
trograms, i.e., a color-coded dependence of power spectral density (or other parameter of
interest) as a function of frequency (ordinate) and time (abscissa). The used color scale
is shown on the right-hand side of the plot. Additionally, selected orbital parameters are
plotted on the abscissa along with the time of the measurement.

Five different panels are shown in Figure 3.1. The top panel shows a frequency-time
spectrogram of power spectral density of magnetic field fluctuations. Equatorial noise
emissions are the intense (red color) emissions at frequencies around 100 Hz whose intensity
peaks approximately in the middle of the plotted time interval. The second panel shows
the planarity of magnetic field fluctuations, which expresses how well the fluctuations are
confined to a single plane, i.e., with an exception of a linearly polarized wave, it indicates

13
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if a plane wave approximation is valid (planarity values close to 1) or if there are several
waves propagating in different directions (planarity values close to 0). It can be seen that
the values of planarity corresponding to EN emissions are close to 1. The third panel shows
the ellipticity of magnetic field fluctuations, i.e., the ratio of minor to major polarization
axes. It may range from 0 (linear polarization) to 1 (circular polarization). One can see
that the ellipticity of EN emissions is close to 0, i.e., the emissions are nearly linearly
polarized. The fourth panel shows the polar angle of wave vector direction with respect
to the ambient magnetic field. The values of about 90 degrees correspond to the wave
vector nearly perpendicular to the Earth’s magnetic field. These propagation parameters
were determined using a singular value decomposition (SVD) method (Santoĺık et al., 2003,
2006).

The last panel of Figure 3.1 shows again a frequency-time spectrogram of power spectral
density of magnetic field fluctuations, but this time only for the frequency-time subintervals
which fulfill the conditions empirically determined for EN emissions. Specifically, it is
required that the planarity of magnetic field fluctuations is larger than 0.8, the ellipticity
of magnetic field fluctuations is lower than 0.2, and the wave normal angle is larger than 85◦.
It can be seen that a simultaneous application of these conditions allows us to identify the
part of the spectrogram corresponding to EN emissions extremely well. These polarization
properties of EN emissions correspond to the propagation in a so-called extraordinary mode
perpendicular to the ambient magnetic field (e.g. Stix , 1992). Then, the magnetic field
fluctuations are linearly polarized along the ambient magnetic field, and the electric field
fluctuations are elliptically polarized in the equatorial plane. The major polarization axis
of the electric field polarization ellipse is oriented in the direction of the wave propagation.

Santoĺık et al. (2004) systematically analyzed polarization properties of electromagnetic
emissions observed by the Cluster spacecraft at frequencies lower than 300 Hz, which is
an upper estimate of the lower hybrid frequency, i.e., a theoretical maximum frequency
of electromagnetic waves propagating perpendicular to the ambient magnetic field in the
given mode. They further limited to within ±30◦ from the geomagnetic equator, which is
the region where EN emissions are expected to occur. The used data set consisted of the
first two years of Cluster measurements, and it covered radial distances between about 3.9
and 5 RE. It was found that the ellipticity of intense emissions close to the geomagnetic
equator is generally lower than about 0.2, and that the emissions are mainly found within
about 10 degrees from the geomagnetic equator. The occurrence rate of EN emissions was
estimated to be about 60%.

3.2 Spatial Dependence

The possibility to automatically identify EN emissions using their polarization properties
was used in a number of subsequent studies. Němec et al. (2005) used first two years of
Cluster measurements and an ellipticity threshold to investigate how the intensity of the
emissions varies with the geomagnetic latitude. They found that the dependence can be
usually approximately described by a Gaussian. The central geomagnetic latitudes of the
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intensity distribution are mostly within 2◦, and the full-width at half-maximum (FWHM)
of the distribution is below 3◦ in the majority of cases. They further showed that the
emissions most often occur at frequencies between about 4 and 5 local proton cyclotron
frequencies, with the probability density slowly decreasing toward higher frequencies.

The analysis of the latitudinal dependence of EN intensity was extended by Němec
et al. (2006a), who used a realistic magnetic field model (Tsyganenko, 1989; Tsyganenko
and Stern, 1996) to demonstrate that incidental deviations of EN intensity peaks from the
geomagnetic equator can be explained by problems in determining of the true magnetic
equator. Specifically, the distribution of geomagnetic latitudes where the intensity is a
maximum gets significantly narrower when a realistic min-B equator is used in place of
the dipole geomagnetic latitude. Additionally, the authors demonstrated that the plasma
number density can be estimated using the cold plasma theory and measured B/E ratios.
The calculated plasma number densities were shown to be reasonably close to the values
obtained using the spacecraft potential data.

A global distribution of EN emissions was determined using first 10 years of Cluster
data by Hrbáčková et al. (2015). Altogether, more than 2000 EN events were identified
and analyzed. Importantly, the evolution of the Cluster orbit allowed to investigate a
large range of radial distances, from about 1.1 RE up to about 10 RE. EN emissions were
identified at principally all analyzed radial distances, but their occurrence rate was very
low at radial distances lower than 2.5 RE and at radial distances larger than 8.5 RE. The
occurrence rate was found to be the largest between about 3 and 5.5 RE and within 7◦

of the geomagnetic equator, reaching about 40%. The occurrence rate further increased
to more than 60% during geomagnetically disturbed periods. As for the magnetic local
time (MLT) dependence, a crucial difference between the situation inside and outside the
plasmasphere was found. While the occurrence rate inside the plasmasphere is almost
independent on MLT, the occurrence rate outside the plasmasphere has a well pronounced
peak at about 15 hours MLT.

Němec et al. (2015a) used the same data set as Hrbáčková et al. (2015) to analyze in-
tensities of EN events rather than their occurrence rate. They automatically distinguished
frequency-time interval with EN emissions using the polarization analysis, and they eval-
uated the Poynting flux of the emissions in each of the intervals. The intensity of the
emissions was then analyzed as a function of possible controlling parameters. It was found
that the emissions have higher frequencies and are more intense outside the plasmasphere
than inside. Consistent with the occurrence rate results of Hrbáčková et al. (2015), the
intensity of EN emissions observed in the plasmasphere was found to be nearly indepen-
dent on MLT, while outisde the plasmasphere the emissions were most intense close to the
local noon. This is demonstrated in Figure 3.2, which shows the total intensity of indi-
vidual EN events as a function of MLT. Figure 3.2a was obtained for the events observed
inside the plasmasphere, while Figure 3.2b was obtained for the events observed outside
the plasmasphere. We note that locally evaluated plasma densities rather than empirical
plasmapause models were used in this study to determine the spacecraft position with
respect to the plasmapause. Further, multipoint measurements performed by the Clus-
ter spacecraft allowed to estimate the spatiotemporal variability of EN emissions. It was
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shown that although they do not change on the analyzed spatial scales (∆MLT < 0.2 hours,
∆r < 0.2RE), they change considerably on time scales of about an hour.

3.3 Propagation

A possible explanation of the aforementioned MLT dependencies (see section 3.2) stems
from the analysis of EN propagation. Raytracing analysis suggests that the emissions can
be effectively trapped by the gradients of the refractive index and travel significantly in
the azimuth (Chen and Thorne, 2012). Consequently, they may be observed at MLTs
significantly different from MLTs of their generation, explaining the lack of the MLT de-
pendence inside the plasmasphere. Outside the plasmaphere, no such trapping is possible
and the MLT where the emissions are observed likely roughly corresponds to the MLT of
their generation.

An experimental analysis of azimuthal directions of EN propagation based on the Clus-
ter spacecraft data was performed by Němec et al. (2013a). Due to the specific polarization
properties of EN emissions, it was not possible to use the standard method for determin-
ing the wave normal direction as a normal to the magnetic field fluctuations. Instead,
the elliptical polarization of electric field fluctuations in the equatorial plane, with the
major polarization axis oriented in the direction of the wave vector, and the spacecraft
rotation (period of about 4 s) were used. High-resolution single component electric field
measurements are performed in a plane perpendicular to the spacecraft rotation axis, i.e.,
approximately in the equatorial plane. Then, as the spacecraft rotates, it periodically
sees the minima and maxima of the electric field intensity, depending on the direction of
the measured field component with respect to the major polarization axis of electric field
fluctuations. This allows to determine the wave vector direction with an ambiguity of
±180◦. Considering also the phases between electric and magnetic field fluctuations, this
ambiguity can be resolved.

The results obtained by the analysis of more than 100 EN events for which high-
resolution data were available are shown in Figure 3.3. It shows histograms of calculated
values of the azimuthal angles of the wave propagation, separated to (a) events measured
outside the plasmasphere, and (b) events measured inside the plasmasphere. The distinc-
tion between inside/outside plasmasphere was again based on locally evaluated plasma
densities. Azimuthal angles of ±90◦ (marked by vertical dashed lines) correspond to the
propagation in the eastward/westward direction. It can be seen that while principally
isotropic azimuthal directions of EN propagation are observed inside the plasmasphere,
wave propagation outside the plasmasphere is directed predominantly to the West or East,
i.e., perpendicular to the radial direction. This experimentally determined propagation
pattern can be explained by a simple propagation analysis, assuming that the emissions
are generated close to the plasmapause. Considering a reasonable density profile around
the plasmapause, it can be shown using the cold plasma approximation (Stix , 1992) that
the refractive index suddenly drops at the plasmapause boundary. A wave impinging on
the plasmapause from inside is thus either reflected back to the plasmasphere (for large
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enough angles of incidence) or significantly bent toward East/West, consistent with the
observations.

Although EN emissions were generally observed and analyzed at larger radial distances,
Santoĺık et al. (2016) recently showed, both experimentally and using a raytracing analysis,
that such emissions can propagate down to the altitudes of the DEMETER spacecraft
(about 700 km). In order to allow for such a propagation down to low altitudes, the original
wave vector has to be oriented nearly exactly radially inward. Moreover, the frequency of
the waves has to be high enough to be above the L = 0 frequency cut-off critically affecting
the wave propagation at low altitudes (Gurnett and Burns , 1968; Santoĺık et al., 2006).

3.4 Inner Structure

Although the harmonic frequency structure of EN has been known already for a few decades
(Gurnett , 1976), they were generally believed to be continuous in time. However, two recent
case studies suggested that the emissions may sometimes exhibit a quasiperiodic (QP) time
modulation of the wave intensity (Fu et al., 2014; Boardsen et al., 2014). Frequency-time
spectrograms of EN emissions may thus resemble frequency-time spectrograms of VLF
whistler-mode QP emissions (see chapter 4), which, however, occur at higher frequencies
and propagate nearly along the Earth’s ambient magnetic field.

Němec et al. (2015b) revealed that a clear QP time modulation of the wave intensity
is present in more than 5% of EN events observed by the Cluster spacecraft during the
years 2001–2010. The events were found to occur usually in the noon-to-dawn MLT sector,
and their occurrence seems to be related to the increased geomagnetic activity, and in
particular to enhanced solar wind flow speeds. The modulation period of the events was
on the order of minutes. Importantly, compressional ultra low frequency (ULF) magnetic
field pulsations with periods about double the modulation periods of EN were identified in
about half of the events. It was suggested that these might be possibly responsible for the
generation of the events by periodically modulating the wave growth in the source region.
High-resolution data were available for some of the events, which enabled to demonstrate
that the harmonic frequency structure characteristic for continuous EN events is present
also for the EN events with a QP modulation of the wave intensity. An example of such
a fine harmonic structure is shown in Figure 3.4. Figure 3.4a shows the frequency-time
spectrogram of power spectral density of electric field fluctuations, with several QP wave
elements and a fine harmonic frequency structure clearly seen. Figure 3.4b shows the
frequency-time plot of the ellipticity of magnetic field fluctuations, in order to demonstrate
that the emissions are indeed linearly polarized, as would be the case for normal EN. The
identification of the harmonic frequency structure is of a great importance, as it clearly
indicates that the generation mechanism of these emissions is not that different from the
generation mechanism of normal EN.
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Résumé of EN Results

We used a large set of multicomponent wave measurements obtained by the Cluster space-
craft during their equatorial perigee passes to obtain EN spatial dependence and polar-
ization properties. We analyzed EN directions of propagation and we demonstrated the
importance of the plasmapause. We showed that EN can propagate down to altitudes of
about 700 km, and we systematically investigated properties of EN emissions with a QP
time modulation of the wave intensity.
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Figure 3.1: Example of an equatorial noise event and related detailed wave analysis. The
data were measured on 23 April 2002 by Cluster 4. The individual panels correspond
to (from the top) frequency-time spectrogram of power spectral density of magnetic field
fluctuations, frequency-time plot of the planarity of magnetic field fluctuations, frequency-
time plot of the ellipticity of magnetic field fluctuations, and frequency-time plot of the
polar angle of the wave vector direction. The last panel is the same as the first panel
(i.e., it shows the frequency-time spectrogram of power spectral density of magnetic field
fluctuations), but this time only the frequency-time subintervals that fulfill the conditions
set for EN emissions (planarity > 0.8, ellipticity < 0.2, θk > 85◦) are plotted. Adopted
from Němec et al. (2013a).
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Figure 3.2: Total intensity of individual equatorial noise events as a function of magnetic
local time. Thick solid lines correspond to the median dependencies, and thinner solid
lines correspond to 0.25 and 0.75 quartiles. (a) Equatorial noise events observed in the
plasmasphere. (b) Equatorial noise events observed in the plasma trough. Adopted from
Němec et al. (2015a).

(a) (b)

-100 0 100
Ψ (deg)

0

10

20

30

40

50

N
um

be
r 

of
 E

ve
nt

s

-100 0 100
Ψ (deg)

0

2

4

6

8

10

12

14

N
um

be
r 

of
 E

ve
nt

s

Figure 3.3: Histograms of the calculated values of the azimuthal angles of the wave prop-
agation in the (a) plasma trough and (b) plasmasphere. Azimuthal angles of ±90◦ corre-
sponding to the propagation in the eastward/westward direction are shown by the dashed
vertical lines. Adopted from Němec et al. (2013a).
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Figure 3.4: Example of an equatorial noise event with a quasiperiodic modulation of the
wave intensity observed by Cluster 2 on 23 August 2003 between 23:16 UT and 23:37 UT,
when the high-resolution data were available. (a) Frequency-time spectrogram of power
spectral density of electric field fluctuations. (b) Frequency-time plot of the ellipticity of
magnetic field fluctuations. Adopted from Němec et al. (2015b).
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Chapter 4

Quasiperiodic Emissions

QP emissions are electromagnetic waves at frequencies between about 0.5 and 4 kHz oc-
curring in the Earth’s inner magnetosphere which are characteristic by a periodic time
modulation of their intensity. The modulation periods may range from some tens of sec-
onds up to a few minutes (Sato and Kokubun, 1980; Smith et al., 1998). They are primarily
daytime phenomenon (Morrison et al., 1994; Engebretson et al., 2004). Although they were
identified both in the satellite (e.g Tixier and Cornilleau-Wehrlin, 1986; Hayosh et al., 2014;
Titova et al., 2015) and ground-based data (e.g. Smith et al., 1991; Manninen et al., 2013,
2014), their origin is still unclear. It appears that, at least in some cases, their generation
might be related to compressional magnetic field pulsations with a period corresponding
to the modulation period of QP emissions, which periodically modulate the growth rate in
the source region (Chen, 1974; Sato and Fukunishi , 1981; Sazhin, 1987).

4.1 Occurrence and Propagation Parameters

An example of a QP event measured by Cluster 4 on 13 April 2010 close to the geomagnetic
equator is shown in Figure 4.1. Each of the plotted panels corresponds to a 45 minutes
long frequency-time spectrogram of power spectral density of electric field fluctuations. QP
emissions can be identified during most of the plotted time interval, with their intensity
gradually fading at later times.

An inspection of high-resolution data measured by the Cluster spacecraft during the
first ten years of the mission at radial distances lower than 10 RE revealed 21 QP events
(Němec et al., 2013c). The frequencies of the events were mostly from about 1 to 4 kHz,
but events at frequencies as high as 8 kHz were also identified. Modulation periods of these
events were on the order of minutes, with lower periods occurring more frequently. ULF
magnetic field pulsations were detected along with the QP emissions in 4 events. Their
frequencies roughly corresponded to the modulation periods of the events, suggesting a
link between the two phenomena.

Low-resolution multicomponent wave measurements performed by the Cluster space-
craft allowed to determine the wave vector directions of the emissions. It was found that
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Figure 4.1: High-resolution frequency-time spectrograms of power spectral density of elec-
tric field fluctuations measured by Cluster 4 on 13 April 2010 close to the equatorial region
at radial distances from about 3 to 6 RE. Quasiperiodic emissions are observed for most
of the plotted time interval, gradually ceasing toward its end. Each of the two panels
corresponds to 45 minutes of data. Adopted from Němec et al. (2013b).

the wave normal angle exhibits a monotonic variation as a function of the geomagnetic
latitude, depicted in Figure 4.2. While the wave vectors are nearly field-aligned close to
the geomagnetic equator, they become more oblique at larger geomagnetic latitudes. This
clearly shows that the waves propagate unducted.

Considering the low-altitude observations of QP emissions, Hayosh et al. (2014) per-
formed a statistical investigation based on all available DEMETER spacecraft data (about
6.5 years of measurements). They showed that the emissions occur in about 5% of day-
time DEMETER half-orbits, while they are basically absent during the night. The event
occurrence seems to favor quiet geomagnetic conditions following the periods of enhanced
geomagnetic activity. The event frequencies were usually between about 0.75 and 2 kHz,
but events with frequencies as low as 0.5 kHz and as high as 8 kHz were observed. Inter-
estingly, the event occurrence was found to be significantly (by a factor of more than 2)
lower at the longitudes of the South Atlantic magnetic anomaly, which might be related
to a massive electron precipitation in the region.

The analysis of propagation properties of QP emissions observed by DEMETER
(Hayosh et al., 2016) revealed a rather complicated propagation pattern. The emissions
propagate nearly field-aligned at larger geomagnetic latitudes, and they become more
oblique at mid-latitudes. It was argued that the observed propagation pattern is consistent
with a nonducted propagation from the source located in the equatorial region at larger
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Figure 4.2: Polar angle of the wave vector direction with respect to the ambient magnetic
field as a function of the geomagnetic latitude. The wave analysis was done for three
different quasiperiodic events (23 April 2002 02:55–03:15, 01 January 2010 13:40–14:15,
and 13 April 2010 08:10–08:40). The results obtained for each of them are plotted by a
different symbol (diamond, triangle, and square, respectively). The used frequency ranges
of are color-coded. Adopted from Němec et al. (2013c).

radial distances. The obtained results also provide an indirect evidence of the plasmapause
guiding (Inan and Bell , 1977) playing an important role in the wave propagation down to
low altitudes.

4.2 Multipoint Observations

Multipoint observations of QP emissions (as well as of many other phenomena in space
physics) are essential, as they – unlike single point measurements – allow us to distinguish
between spatial and temporal variations. Given the number of scientific satellites, their
specific orbits, and instrumental limitations, they are, however, quite difficult to achieve.
One such conjugate observation of a QP event event performed by Cluster and DEMETER
spacecraft was reported by Němec et al. (2013b). They showed that the analyzed event
lasted for as long as 5 hours, and it spanned over the L-shells from about 1.5 to 5.5. The
same QP modulation of the wave intensity was observed at the same time at very different
locations in the inner magnetosphere, demonstrating a huge spatial extent of the event.
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Further multipoint observations of QP emissions were reported by Němec et al. (2014).
This study strongly benefited from the 2013 summer Cluster campaign, when a large
amount of high-resolution data was measured during the perigee passes through the equa-
torial region. At the time of the observation, Cluster 1, Cluster 3, and Cluster 4 were very
close to each other, while Cluster 2 was located at approximately the same MLT, but about
0.5 RE closer to the Earth. The same QP modulation of the wave intensity was observed
by all the Cluster spacecraft, but individual QP elements were detected by Cluster 2 with
a time delay of a couple of seconds. Němec et al. (2014) argued that this can be explained
by the wave propagation from the generation region located at larger radial distances, close
to the plasmapause. The idea was supported by a raytracing analysis, as is demonstrated
in Figure 4.3. The plasmapause is assumed to be located at a typical distance of 4 RE.
The wave with a frequency of 1500 Hz is started from a radial distance of 3.7 RE with
the wave vector oriented along the Earth’s ambient magnetic field. It propagates to larger
geomagnetic latitudes until it encounters the plasmapause boundary. Then, it is guided
by the plasmapause until it is reflected at lower altitudes, and it propagates back toward
the geomagnetic equator. The wave propagation time for this propagation scheme is in
agreement with the observed time delays.

The same QP event was later analyzed by Němec et al. (2016a), who used not only the
Cluster spacecraft data, but also the data measured by the Van Allen Probes and THEMIS
spacecraft. An overview of the measurements preformed by individual spacecraft is shown
in Figure 4.4. Figure 4.4a shows a frequency-time spectrogram of power spectral density of
electric field fluctuations measured by the Cluster 1 spacecraft. Note that as the Cluster
spacecraft are close to each other, the data measured by the remaining Cluster spacecraft
are (except of the aforementioned time delay of a couple of seconds) principally the same,
and they are thus not plotted. Figures 4.4b,c show frequency-time spectrograms of power
spectral density of magnetic field fluctuations measured by Van Allen Probes A and B,
respectively. Finally, Figure 4.4d shows a frequency-time spectrogram of power spectral
density of magnetic field fluctuations measured by the THEMIS E spacecraft, which is yet
another spacecraft which performed wave measurements in the inner magnetosphere at a
given time.

The QP event is observed simultaneously by all the spacecraft. However, the spacecraft
locations are significantly different. Although they were all rather close to the equatorial
plane, the Cluster spacecraft were located on the dawnside at a radial distances of about
3.0–3.5 RE, and the Van Allen Probes and THEMIS E spacecraft were located on the
duskside at radial distances of about 5 RE and 3.0–4.5 RE, respectively. This clearly
shows that the QP event had a huge spatial extent, both in the radial direction and in the
azimuth. It is noteworthy that the analysis of plasma densities measured both by Cluster
and Van Allen Probes reveals that all the spacecraft were located in the plasmasphere.

Two phenomena observed in Figure 4.4 are of a particular interest. First, the period
of the QP modulation observed by Cluster is about twice lower than the period of the QP
modulation observed by the Van Allen Probes and THEMIS E spacecraft. This is likely
related to their extremely different MLT, but a possible explanation of this phenomenon
is still missing. However, Němec et al. (2016a) reported another QP event with a similar
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constellation of the spacecraft, and again the modulation period observed by Cluster on
the dawnside was about twice lower than the modulation period observed by Van Allen
Probes on the duskside. This suggests that the difference between the modulation periods
on the dawnside and on the duskside might be a systematic phenomenon.

Another important feature of the QP event from Figure 4.4 is a time delay between
individual QP elements as observed by Van Allen Probes and THEMIS E. Specifically,
THEMIS E, which is located at later MLTs, observes individual QP elements by about 15 s
later. This time delay is too large to be explained by the propagation of the QP emissions.
However, it might be explained assuming that the QP modulation is due to an azimuthally
propagating compressional ULF wave. The propagation speed of the compressional ULF
waves is much lower, in the range of about 300 to 2000 km/s (Takahashi and McPherron,
1984; Tan et al., 2011), which would be consistent with the observed time delay. Moreover,
as the ULF waves tend to propagate from noon to midnight (Olson and Rostoker , 1978;
Chisham and Orr , 1997), this explanation would be also consistent with the THEMIS E
spacecraft observing the QP elements later than Van Allen Probes. Comparable time
delays on the order of 10 s likely related to the azimuthal separation were also reported by
Němec et al. (2016b) using simultaneous satellite and ground-based measurements.

Résumé of QP Emissions Results

We performed a survey of the event occurrence and propagation directions based on the
data set obtained by the low-altitude DEMETER spacecraft. We used multipoint mea-
surements (DEMETER, Cluster, Van Allen Probes, and THEMIS spacecraft, and ground-
based VLF measurements performed by SGO in Finland) to analyze the spatiotemporal
variability of the emissions. We demonstrated that they occur simultaneously over a huge
region of the inner magnetosphere. However, the exact timing of individual QP elements
was found to be slightly different in different regions. This can be partly explained by
the unducted wave propagation from the generation region, partly it is likely due to the
propagation of a modulating compressional ULF wave.
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Figure 4.3: Possible scheme of the situation according to the ray tracing analysis. The
field-aligned wave with the frequency of 1500 Hz was started at the geomagnetic equator
at the radial distance of 3.7 RE. It encounters the plasmapause density gradient, and it
is guided along its inner boundary. Finally, it reflects and propagates to lower latitudes,
reaching again the geomagnetic equator, but at lower radial distances. Adopted from
Němec et al. (2014).
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Figure 4.4: Frequency-time spectrograms showing multipoint observations of a quasiperi-
odic event. The data were obtained on 21 October 2013 between 00:50 UT and 01:35
UT. (a) Frequency-time spectrogram of power spectral density of electric field fluctuations
measured by Cluster 1. Note that the white area on the left-hand side corresponds to the
missing data due to the fact that high-resolution data were not available at that time.
Also note that frequency-time spectrograms measured by other Cluster spacecraft are very
similar (see Němec et al., 2014). (b) Frequency-time spectrogram of power spectral density
of magnetic field fluctuations measured by Van Allen Probes A. (c) Frequency-time spec-
trogram of power spectral density of magnetic field fluctuations measured by Van Allen
Probes B. (d) Frequency-time spectrogram of power spectral density of magnetic field
fluctuations measured by THEMIS E. Adopted from Němec et al. (2016a).
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Chapter 5

Line Radiation

Frequency spectrum of electromagnetic waves observed in the Earth’s inner magnetosphere
at frequencies between about 1 and 8 kHz sometimes exhibits a clear harmonic structure.
Such events are called line radiation (LR), and they have been observed both by low-
altitude satellites (e.g. Bell et al., 1982; Rodger et al., 1995; Parrot et al., 2005) and ground
based instruments (e.g. Rodger et al., 1999; Manninen, 2005). We note that as compared
to EN (which also exhibits a harmonic structure), these events propagate in the whistler
mode nearly parallel to the ambient magnetic field. The peak frequencies of some LR
events are separated by 50/100 Hz or 60/120 Hz, corresponding to the base frequencies
of electric power systems on the ground. Such wave events are due to electromagnetic
radiation from power lines on the ground, which penetrates through the ionosphere and
can be eventually detected by the spacecraft (Němec et al., 2006b, 2007a, 2008). LR events
of this type are usually called Power Line Harmonic Radiation (PLHR). Although they are
usually rather week (Němec et al., 2010), there are indications that they could possibly be
rather important, as they might serve as triggers for other, more intense emissions (Nunn
et al., 1999; Parrot et al., 2014). In fact, there are reports claiming that the magnetosphere
behaves differently during weekdays than during weekends, when the power consumption
is lower (Fraser-Smith, 1979; Parrot , 1991). LR events whose frequencies cannot be related
to the base frequencies of electric power systems on the ground are called magnetospheric
line radiation (MLR). Apart from different frequency spacing, they are usually more intense
than PLHR events, their spectral peaks have a larger bandwidth, and the frequencies of
these peaks may change over the event duration (Němec et al., 2007b). These events are
likely a natural phenomenon (Rodger et al., 2000; Němec et al., 2012a), but some of them
might be possibly triggered by PLHR (Parrot and Němec, 2009).

31
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5.1 Power Line Harmonic Radiation

5.1.1 Automatic Identification

We have developed a procedure for an automatic identification of PLHR events in the
high-resolution DEMETER data (Němec et al., 2006b). Due to the large amount of the
data needed to be analyzed, this procedure was implemented and routinely run directly
in the DEMETER control center in LPC2E/CNRS, Orléans, France as the level-3 data
processing (Lagoutte et al., 2006). Potential PLHR candidates were manually verified, and
possible false alarms were excluded. This approach allowed us to obtain the largest data
set of spacecraft observations of PLHR events available to date (more than 150 events).

An example of one of the identified PLHR events is shown in Figure 5.1. The top panel
shows a frequency-time spectrogram of power spectral density of electric field fluctuations
measured by the DEMETER spacecraft on 25 March 2006 after 1913:32 UT. Several thin
horizontal lines corresponding to the event, especially well pronounced in the left-hand side
of the plot, can be clearly seen. The bottom panel of Figure 5.1 shows the corresponding
frequency spectrum. Several intensity peaks located at multiples of the base power system
frequency of 50 Hz are marked by the arrows. It is noteworthy that the frequency spacing is
100 Hz, i.e., the intensity peaks are observed only at odd harmonics of the base frequency.

5.1.2 Geographic Distribution

Most of the identified PLHR events had frequencies between about 2 and 3 kHz. They
can be further divided into two groups, depending on the frequency spacing between ob-
served harmonic lines. Specifically, while some of the observed events have the frequency
spacing of 50/100 Hz, some of the events have the frequency spacing of 60/120 Hz. The
geographic locations of the events in respective groups are in excellent agreement with the
base power system frequencies used by relevant countries (Němec et al., 2006b, 2007a).
This is demonstrated in Figures 5.2 and 5.3. They show geographic locations of the identi-
fied PLHR events with the frequency spacing of 50/100 and 60/120 Hz, respectively. The
positions of the DEMETER spacecraft at the times of the observations are shown by the
large points. Magnetic field lines and footprints of the points of observation are shown by
the thin lines and small points. Supposing a ducted wave propagation, the small points
indicate possible generation regions. PLHR events with the frequency spacing of 50/100 Hz
(Figure 5.2) are observed mostly above Europe. A few of the events are observed to the
South from Africa, but their magnetic conjugate point is located again in Europe. PLHR
events with the frequency spacing of 60/120 Hz are observed mostly over the United States
of America and Japan, a few such events are observed above Brazil. Surprisingly, one such
event is observed over New Zealand, whose power systems operate at 50 Hz. However, the
magnetic conjugate of the event is in Alaska, where the base power system frequency is
60 Hz.

Němec et al. (2015c) used again the data measured by the DEMETER spacecraft, but
they did not focus on the identification and analysis of individual PLHR events. Instead,
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they investigated whether the intensity at the harmonics of the base power system fre-
quency (50 Hz or 60 Hz) is increased relative to the nearby frequencies or not. They
showed that the intensities of electromagnetic waves detected at frequencies corresponding
to the first few harmonics of the base power system frequency are significantly enhanced
above industrialized areas. Consistent with the former results, there was an excellent agre-
ment between the frequencies where the wave intensities were increased and base power
system frequencies just below the satellite location. The analysis of the measured frequency
spectra revealed that the intensity increases are generally limited to odd harmonics of the
base power system frequency. A relation of PLHR intensities to geomagnetically induced
currents proxy was also demonstrated.

5.1.3 Intensities and Wave Triggering

Němec et al. (2008) fitted individual lines forming the PLHR events by a 2d-Gaussian
model. They showed that the mean time duration of the lines forming the events is about
20 s, corresponding to the spatial dimensions of about 150 km. The spectral peaks were
generally very thin, with full width at half maximum less than 3 Hz in the majority of cases.
Němec et al. (2008) further performed a full-wave calculation of the efficiency of coupling
of electromagnetic waves from the ground through the ionosphere up to the DEMETER
altitudes. The results of such a calculation are shown in Figure 5.4. It shows the efficiency
of coupling (i.e., a number between 0 and 1, corresponding to the ratio of the detected to
radiated wave intensity) as a function of the altitude. Ionospheric density profiles from
the International Reference Ionosphere (IRI) model (Bilitza, 1990) and IGRF magnetic
field magnitudes were used in the calculation. The efficiency of coupling was evaluated
for Finland and Japan regions, i.e., two regions with significantly different geomagnetic
latitudes (57.5◦ and 23◦, respectively) where PLHR events are often observed. Moreover,
the calculation was performed separately for daytime and nighttime ionospheric conditions.
A wave with the frequency of 2.5 kHz, which is a typical frequency of identified PLHR
events, was considered.

It is found that the power which penetrates up to the DEMETER altitudes is about
five times less attenuated during the night than during the day. Moreover, the efficiency of
coupling in the Finland region is larger than in the Japan region, although the difference
is far less striking than the day/night asymmetry. The calculated efficiency of coupling
of PLHR through the ionosphere can explain the lower intensity of events observed by
DEMETER during the day as compared to those observed during the night. Although
the estimated radiated peak power during the daytime is larger for the daytime events,
consistent with the daytime events occurring more often, they get more attenuated during
the propagation through the ionosphere, and the resulting intensity detected by the satellite
is thus lower.

A question whether or not PLHR events are intense enough to have a significant effect on
the VLF wave activity in the upper ionosphere has been considered in a number of studies
(Parrot and Němec, 2009; Němec et al., 2010; Parrot et al., 2014). The events analyzed
by Parrot and Němec (2009) suggested that in some cases PLHR may be responsible



34 CHAPTER 5. LINE RADIATION

for triggering of MLR events, which can subsequently trigger other associated emissions.
Another examples of electromagnetic waves possibly triggered by PLHR were reported by
Parrot et al. (2014). The triggered emissions had a form of rising tones or hooks with a
starting frequency associated to a parent line corresponding to a PLHR event. The events
were found to occur preferentially during the daytime, and at frequencies between about 1
and 4 kHz. Němec et al. (2010) showed that while the occurrence rate of PLHR events over
the industrialized region is quite large (more than 8%), PLHR-triggered emissions appear
to be rather rare.

5.2 Magnetospheric Line Radiation

A firm difference between MLR and PLHR events has been established by Němec et al.
(2007b). Apart from their different frequency spacing, several different properties of the
two types of the events were statistically demonstrated. While PLHR events occur both
during low and high geomagnetic activity, with none of them being significantly preferred,
MLR events occur more frequently under disturbed conditions. Moreover, the frequency
bandwidth of individual lines forming the events is significantly larger for MLR than for
PLHR. PLHR events are also more intense during the night, while no dependence of MLR
peak intensities on MLTs was found. Finally, the lines forming PLHR events are generally
constant in frequency, while in the case of MLR events they usually exhibit a frequency
drift.

5.2.1 Occurrence and General Properties

An example of a frequency-time spectrogram containing an MLR event is shown in Fig-
ure 5.5. It was measured by the DEMETER spacecraft on 10 March 2005, and the plotted
data correspond to a full daytime satellite half-orbit. The MLR event is observed at fre-
quencies between about 2.5 and 4 kHz, both in the left-hand and right-hand sides of the plot
at large geomagnetic latitudes. Due to the nearly polar satellite orbit, the locations where
the event is observed approximately correspond to geomagnetically conjugate regions.

Němec et al. (2009a) presented a survey of about 650 MLR events identified in the first
three years of the DEMETER data. The events were found to occur more often during
the daytime half-orbits (about 60%) than during the night-time half-orbits, and primarily
inside the plasmasphere. Their frequencies usually ranged from about 2 to 6 kHz, . The
events were observed mostly at larger geomagnetic latitudes (L >≈ 2) and during or after
periods of higher geomagnetic activity. Observations of MLR events during several consec-
utive spacecraft orbits enabled to estimate that in some cases the longitudinal dimensions
of the MLR events may be as large as 100◦, and the events may last for up to a few hours.
Frequency spacing and frequency drifts of individual lines forming the MLR events were
investigated by Němec et al. (2012a). They showed that neither the frequency spacing nor
the frequency drift varies significantly with the L-shell of the observation, and that the fre-
quency drift is generally positive. Importantly, the authors have shown that the individual
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lines forming the events cannot be explained as harmonics of the base frequency equal to
the frequency spacing. As for the propagation of the emissions, it has been suggested that
they might be guided by the plasmapause inner boundary before they deviate to lower
L-shells at altitudes of a few thousands of kilometers.

Bezděková et al. (2015) used a superposed epoch analysis to compare the occurrence
of 1230 MLR events identified during the whole duration of the DEMETER mission with
solar wind parameters and geomagnetic indices. The events were shown to be statistically
related to specific solar wind parameters. Additionally, the length of the analyzed time
interval was sufficient to allow for investigating the influence of the solar cycle and the
season of the year. The events were found to occur more often during the northern winter
and spring than during the northern summer. The events also occur less frequently at
geomagnetic longitudes of the South Atlantic Anomaly, which is possibly related to a
massive electron precipitation in that region. This is demonstrated in Figure 5.6, which
shows the longitudinal dependence of the occurrence rate of MLR events by the black
curve, and the longitudinal dependence of the precipitating electron flux by the red curve.
The analysis of energy spectra of electrons precipitating in this region at the times of MLR
events enabled to derive energy-latitude plots of electron flux variations possibly related to
the occurrence of MLR events. Finally, high-resolution multicomponent data were available
for two of the events, which allowed to perform a detailed wave analysis. It was shown
that the events are right-handed nearly circularly polarized, propagating at oblique wave
normal angles from larger radial distances and geomagnetic latitudes.

5.2.2 Multipoint Observations

Multipoint observations of the same MLR event are essential to investigate their spatial
extent and spatio-temporal variability. However, similarly as for QP emissions (see sec-
tion 4.2), they are difficult to achieve. The first such observation was reported by Parrot
et al. (2007), using the data from the DEMETER satellite and ground-based data measured
by the instrumentation of the Sodankylä Geophysical Observatory (SGO), Sodankylä, Fin-
land. The analyzed event lasted for as long as two hours, and it was observed over a large
area in the Northern hemisphere and in the conjugate region. Another multipoint analysis
of an MLR-like event using a combination of the DEMETER and SGO data was presented
by Němec et al. (2009b). DEMETER observed the event both when flying nearby SGO
and in the magnetically conjugate region. The analysis of the timing of high-resolution
data allowed to demonstrate that the individual lines forming the event resulted (at least
in this particular case) from elements reflected back and forth between the northern and
southern hemispheres.

An MLR event observed simultaneously by the Cluster 1, Cluster 2, and DEMETER
spacecraft was reported by Němec et al. (2012b). At the time of the observation, Cluster 1
and Cluster 2 were located at a radial distance of about 4 RE not too far from the geomag-
netic equator. Although they were separated by as much as 0.7 L-shells, they observed the
same frequency-time structure of the emissions. This is demonstrated in Figure 5.7, which
shows frequency-time spectrograms of power spectral density of electric field fluctuations
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corresponding to the event as observed by Cluster 1 and Cluster 2, respectively. Moreover,
as the high-resolution Cluster data periodically cycle between measuring an electric and a
magnetic field component, the data at the border of the respective time intervals could be
used to estimate the B to E ratios of the emissions. Considering the cold plasma theory
and a measured magnetic field magnitude, the observed B to E ratios indicate a quasi-
parallel propagation. This suggests that the waves cross the geomagnetic equator over a
significant range of radial distances, at least from about 3.9 to 4.6. Finally, simultaneous
observations of the same event by the DEMETER spacecraft, which was separated by
about 1.8 hours in MLT from the Cluster spacecraft, show a significant azimuthal extent
of the event. The obtained results unambiguously demonstrate that during an MLR event
the same frequency-time structure of emissions is observed over a significant portion of the
inner magnetosphere.

Résumé of LR Results

We demonstrated that there are two distinct types of LR observed in the inner magneto-
sphere: PLHR and MLR. PLHR events are generated by electromagnetic radiation from
electric power systems on the ground, with their geographic distribution and frequency
spacings corresponding to those expected based on power systems of individual countries.
We also showed that lower PLHR intensities observed during the day are in agreement
with larger attenuation in the daytime ionosphere. Although the origin of MLR events
remains unexplained, we mapped their global occurrence and properties, and using multi-
point observations demonstrated their significant spatial extent.
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Figure 5.1: Top: An example of frequency-time spectrogram of electric field fluctuations
corresponding to one of the analyzed power line harmonic radiation events with 50/100 Hz
spacing. The data were recorded on 25 March 2006 from 1913:32 UT when the spacecraft
was flying over Finland. Bottom: Power spectrum of the first 18 s of data, with the most
important peaks marked by arrows. Adopted from Němec et al. (2007b).
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Figure 5.2: Map showing geographic locations of the observed power line harmonic radi-
ation events with the frequency spacing of 50/100 Hz (large points). Magnetic field lines
and footprints of the points of observations are plotted by thin lines and small points,
respectively. Zones with permanently active Burst mode coverage are shown by gray shad-
ing; however, the operational-phase Burst mode regions, which form approximately 20% of
the Burst mode data volume, are not shown since their positions vary during the analyzed
time interval. Adopted from Němec et al. (2007a).
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Figure 5.3: Same as Figure 5.2, but for power line harmonic radiation events with the
frequency separation of lines 60/120 Hz. Adopted from Němec et al. (2007a).
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Figure 5.4: Efficiency of coupling for the frequency of wave 2.5 kHz as a function of the
altitude for nighttime Finland region (dotted line), nighttime Japan region (dash-dotted
line), daytime Finland region (dashed line), and daytime Japan region (solid line). Adopted
from Němec et al. (2008).
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Figure 5.5: An example of a frequency-time spectrogram of a single half-orbit used for
the identification of magnetospheric line radiation events. Two magnetospheric line radi-
ation events at frequencies between about 2.5 and 4 kHz can be clearly seen, located in
magnetically conjugate regions. Adopted from Němec et al. (2009a).
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Figure 5.6: Occurrence rate of magnetospheric line radiation events as a function of the
geomagnetic longitude is plotted by the black curve using the scale on the left-hand side.
The upper estimates of the standard deviations of the occurrence rate in individual longitu-
dinal bins are marked. The red curve (scale on the right-hand side) shows the longitudinal
dependence of the mean number of counts per second of energetic electrons with energies
between 73 keV and 2342 keV detected by the DEMETER spacecraft. Adopted from
Bezděková et al. (2015).
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Figure 5.7: Frequency-time spectrograms of power spectral density of electric field fluctu-
ations corresponding to a magnetospheric line radiation event measured by (a) Cluster 1,
and (b) Cluster 2 spacecraft. The plotted time interval and the used color scale is the
same for both panels. Orbital parameters are provided on the abscissa axis. Adopted from
Němec et al. (2012b).



Chapter 6

Concluding Remarks

We presented an overview of selected scientific results related to very low frequency waves in
the Earth’s inner magnetosphere that we have obtained. Three different wave phenomena
(equatorial noise, quasiperiodic emissions, and line radiation) were analyzed, and the thesis
is structured accordingly. In general, recent satellite data and state-of-the-art methods of
analysis have been used to better understand the wave characteristics, their generation
mechanisms, and propagation patterns. During the study, we strongly benefited from an
intense international collaboration, without which the pursued research would be hardly
possible. Apart from the publication in peer-reviewed impacted international journals, the
results were continuously presented at international conferences. Several invited talks well
document the community interest in the performed research and obtained results.

The main results that we obtained are based on simultaneous measurements by several
different spacecraft, which allow us to unambiguously distinguish between spatial and
temporal variations. This was used to demonstrate the huge spatial extent of the analyzed
phenomena, and, in the case of QP emissions, it allowed us to demonstrate that the exact
timing of individual QP elements is slightly different in different regions. We showed that
this is partly related to the unducted wave propagation, partly probably to the propagation
of a modulating ULF wave. We believe that such multipoint observations are a great
promise even for the future, considering that several multispacecraft missions (Cluster,
Van Allen Probes, THEMIS) are now simultaneously operating and gathering data in the
inner magnetosphere.

Finally, we would like to note that the topic of electromagnetic waves in the Earth’s
inner magnetosphere and their effects on the radiation belts is hardly closed and there
are many remaining unanswered questions. An active research in this field is ongoing
not only in our department, but also at many institutes abroad. An intense international
cooperation can help to further significantly progress in this field.
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Azimuthal directions of equatorial noise propagation determined using 10 years of data
from the Cluster spacecraft, J. Geophys. Res. Space Physics, 118, 7160–7169, doi:
10.1002/2013JA019373.
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