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Abstract

Chorus wave emissions are one of the most intense natural radio waves in the extremely
low (ELF) and very low (VLF) frequencies range. They are believed to be one of
the major contributors to acceleration and loss of electrons in the radiation belts.
During the VLF-CHAIN campaign, from February 17 to 25, 2012, and afterwards
from September 25, 2012, continuous measurements of ELF/VLF emissions, including
chorus, have been carried out using a 100-kHz sampling loop antenna at Athabasca
(ATH), Canada (54.60 ◦ N, 246.36 ◦ E, L=4.3). To our knowledge, there has not been
any comprehensive study of the physical properties of such emissions at subauroral
latitudes. This thesis will explore the properties of magnetospheric ELF/VLF waves
using three different approaches:
First, we investigated spectral and polarization characteristics of ELF/VLF waves
using the 100-kHz sampling data obtained during the VLF-CHAIN campaign. We found
that the polarization angle of several emissions varies depending on both frequency
and time. We suggest that the ’frequency-dependent’ events, which usually last several
tens of minutes, might be the consequence of the broadening of the ray path that the
waves follow from their generation region to the ground. Furthermore, ’time-dependent’
events, also lasting tens of minutes, have a polarization angle changing from negative
to positive values (or vice versa) every few minutes. We suggest this could be due
to variations of the wave duct, either near the generation region or along the wave
propagation path. Using another ground station in Fort Vermillion, Canada, about 450
km northwest of Athabasca, we tracked the movements of the ionospheric exit point
of three chorus emissions simultaneously observed at both stations. Even though we
found that movement of the ionospheric exit point does not follow a general direction,
it is subject to a ’hovering’ motion suggesting that the exit point can be affected by
small scale plasma processes.
We then made the first statistical analysis of all emissions observed on the ground
at subauroral latitudes that includes their features, occurrences and association with
solar wind and geomagnetic variations, in order to expand our knowledge about all
types of ELF/VLF emissions, not only chorus. Using the almost continuous data
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from ATH, we monitored ELF/VLF emissions from November 2012 to October 2013,
including the previously mentioned chorus, quasi-periodic (QP) emissions, hiss, and
the recently discovered bursty patches. We found a maximum occurrence rate in the
morning sector (06–07 MLT) and a minimum in the night sector (∼18 to 02 MLT), in
agreement with previous satellite measurements in the inner magnetosphere. We also
found correlation between the ongoing substorm and storm activity and the increase
of occurrence rates. The observed waves usually had a central frequency ∼1–3 kHz
lower than the half gyro-frequency at the conjugate equatorial plane, indicating a wave
source at higher latitudes. A superposed epoch analysis showed that the starting time
of the ELF/VLF emissions is preceded by a rise in the AE index both on short (hours)
and long (days) terms. Solar wind speed also started slowly rising ∼1.5 days before,
while density and dynamic pressure decreased shortly afterwards. This may signify
that high-speed solar wind conditions also contribute to the generation of ELF/VLF
emissions detected at subauroral latitudes.
Finally, we used this statistical database to compare emissions observed on the
ground at ATH with observations made by the Van Allen Probes (RBSP) in the
magnetosphere, in order to understand more precisely the processes that affect wave
propagation from their generation region in the geomagnetic equator. Out of the total
347 observed occurrences on the one-year statistical analysis, we found 77 cases in
which the footprints of RBSP-A and/or B were located within 1000 km from ATH.
However, only a single case showed the same spectral and frequency features both in
ATH and RBSP-A, at the time at L=3.64 and 11◦ north of the geomagnetic equator.
On February 25, 2013 from 12:46 UT to 13:39 UT, we observed a clear QP emission,
centered at 4 kHz, and an accompanying short pulse lasting less than a second at 4.8
kHz in the dawn sector (04-06 MLT). Using RBSP-A wave data we found that both
emissions were right hand polarized and their Poynting vector was directed earthward
from the equatorial plane along the geomagnetic field line. Using cross-correlation
analysis, we have made the first time-delay study of a conjugate VLF event between
the space and the ground. We found a time delay of ∼ +2 to +4 s for the QP emission
and ∼ −3 s for the short pulse, meaning that the pulse was first observed by RBSP-A,
while the QP was first observed by ATH. Using backward ray tracing from ATH to
the geomagnetic equator and forward tracing from the equator to RBSP-A, based on
plasmaspheric density observed by the spacecraft, we validate a propagation scenario
for the QP emission.
The work presented in this thesis provides new and crucial information on the
physical characteristics and propagation of several types of ELF/VLF waves, giving an
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ensemble view of these types of waves at subauroral latitudes. We take into account
several parameters within the ionosphere and magnetosphere that modify the detection
of these waves on the ground, as well as their propagation from their generation region.
We provide a solid groundwork for further studies of ELF/VLF waves that might
include an exhaustive study of plasma wave propagation using a larger dataset of
conjugate events between ground and satellites, as well as the possibility of including
data from multi-point ground stations in order to study, e.g., the wave extent in MLT,
dependence on background plasma density, and northern/southern hemispheres.
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Chapter 1
Introduction
1.1

The Earth’s inner magnetosphere

Our planet Earth is protected from the particles and fields in space by its intrinsic
magnetic field, also called the geomagnetic field. This acts like a magnetic shield,
similar to a bubble, that protects us by deflecting most of the solar wind, which
carries charged particles, electrons and protons, emitted at high speeds by the Sun.
These highly energetic particles are harmful for human life since their extreme levels of
radiation can degenerate our cells and ultimately lead to death.
The deflection of the solar wind creates a cavity, known as the magnetosphere (Figure 1.1), in which the charged particles are no longer dominated by the interplanetary
magnetic field (IMF) of solar origin but by the Earth’s geomagnetic field.

Fig. 1.1 The Earth’s magnetic environment. Image credit: ESA/C. T. Russell.
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The size of the magnetosphere is determined by the pressure balance between the
incoming solar wind and the geomagnetic field. It is compressed on the side that
faces the sun (dayside) to ∼ 8 − 10 Re and stretched to distances of more than 100
Re on the opposite direction (nightside). The magnetosphere is limited by an outer
boundary, the magnetopause, that separates Earth’s magnetic field from the solar
wind, and an inner boundary determined by the height of the ionosphere, where the
neutral atmosphere begins. Escaping plasma from the ionosphere builds up and reaches
equilibrium in the inner region of the magnetosphere called the plasmasphere. The
plasmasphere consists mainly of high density cold plasma (>103 cm−3 and ∼1 eV) and
is delimited by the plasmapause boundary, where plasma density suddenly drops by
more than one order of magnitude in a distance of 0.1 Re (Carpenter and Anderson,
1992). At times of increased solar activity, this region shrinks and is ’eroded’ as the
plasma from certain parts of the plasmasphere is pushed sunwards, away from its
main body (Goldstein et al., 2003). On the other hand, during quiet times, or periods of solar inactivity, the plasmasphere expands again and gets refilled with particles.

Fig. 1.2 Plasma regions in the magnetosphere (not to scale).

Since the magnetosphere is not a perfect shield, there is an influx of particles
that is highly dependent on the solar activity that makes the environment inside the
magnetosphere very dynamic. The aurora is a striking visible phenomenon directly
resulting from this permeability since they are created by energetic particles interacting
with the neutrals in the atmosphere. Particles entering the magnetosphere can also be
’trapped’ in the radiation belts, also known as the Van Allen belts. These radiation
belts, as their name indicates, ’hug’ the Earth like two belts and are mostly populated
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by high-energy hot and sparse plasma (10-1000 cm−3 and ∼0.1-10 MeV). As illustrated
by Figure 1.2, the belts are located at a geocentric distance of ∼0.6 to 6 Re and are
separated by the slot region where the electron flux is very low. The slot region is
centered at L ∼ 2.2; the particles below this L value are considered as the inner belt
while those above make up the outer belt (e.g., Friedel et al., 2002; Tverskaya, 2010).
The particles within these belts are most intense near the equatorial plane and become
less intense closer to the poles, where they are usually subject to loss by interaction
with the neutrals in the atmosphere (Kivelson and Russell, 1995). The sheet-like region
located near the equatorial plane of the magnetosphere (from 68 to 70◦ geomagnetic
latitude) is called the plasmasheet. This is a region of denser hot plasma ( ∼100 eV
up to 10 keV and 107 cm−3 ) that is the main reservoir of energetic particles for the
inner magnetosphere. During times of high geomagnetic activity a large portion of
these particles precipitate at high latitudes creating auroras while another portion is
injected into the outer belt (Parks, 1991).

1.2

ELF/VLF wave types

Extremely Low (ELF) and Very Low (VLF) frequency radio emissions are whistler
mode waves in the 3 Hz to 30 kHz range that are naturally present in the Earth’s
magnetosphere (Barr et al., 2000). As one of the most common of naturally occurring
plasma waves, they have been observed since the early 1950’s and have been, for the
most part, classified by Helliwell (1965) using their different spectral features. They
include, among others, emissions which are incoherent like hiss, discrete such as chorus
or periodic or quasi-periodic (QP) (Helliwell, 1965). These types of waves propagate in
the whistler mode along the geomagnetic field lines, away from their source near the
equatorial plane of the magnetosphere (Lauben et al., 2002). As these waves propagate,
they can resonate with energetic electrons in the radiation belts, regulating the electron
population and thus playing a significant role in radiation belt dynamics (e.g., Bortnik
and Thorne, 2007; Horne et al., 2005; Meredith et al., 2003; Miyoshi et al., 2003; Omura
and Summers, 2006). The relationship between ELF/VLF emissions and radiation belt
populations will be discussed in more detail in Section 1.3.
This study will concentrate on the properties of ELF/VLF emissions considering
four types of waves: chorus, hiss, QP and the recently discovered Bursty Patch (BP)
(Shiokawa et al., 2014). Figure 1.3 shows examples of the different spectral features
of these waves for frequencies of 0 to 5 kHz for panels (a) to (c) and 0 to 10 kHz for
panel (d) for a time interval of 10 minutes.
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Fig. 1.3 Power spectral density of several types of ELF/VLF emissions included in this
study, based on observations at Athabasca, Canada: (a) discrete chorus centered ∼2.2 kHz,
(b) hiss band from ∼1 to 4 kHz, (c) QP centered at ∼4 kHz and (d) BP observed at minutes
8 to 10 between 3.8 and 6 kHz.
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Chorus emissions (Figure 1.3a), one of the most intense and naturally occurring
magnetospheric waves, are characterized by the presence of discrete elements
lasting a few seconds or less. Depending on the spectral features shown by these
discrete elements we can distinguish them as rising tones, falling tones or hooks
(Helliwell, 1965). We will briefly discuss these discrete elements in section 3.2.
The source of chorus is believed to be located outside of the plasmasphere. These
type of emissions are typically observed at dawn, but can also occur at dusk and
night-time (especially at high latitudes). When chorus is observed during auroral
events, it is called auroral chorus, however in this study we will not make this
distinction.
Hiss (Figure 1.3b) is usually seen as a band-like emission that lasts from minutes
up to several hours. Hiss can be distinguished based on its origin: Auroral
hiss is usually observed at high latitudes (λ>60◦ ) during periods of auroral
activity (Sazhin et al., 1993), while plasmaspheric hiss is almost always present
in the plasmasphere and its intensity is usually correlated with magnetic activity
(Thorne et al., 1973). In this study, however, we will not speculate on the origin
of hiss, so we do not make the distinction between plasmaspheric or auroral hiss.
Quasi-periodic emissions (Figure 1.3c) are characterized by a periodic modulation
of their wave intensity, usually longer than the two hop whistler group delay (e.g.,
Helliwell, 1965; Kitamura et al., 1968). QP are mostly observed on the dayside,
lasting from a few minutes to several hours and with periods of several seconds
to minutes. They have been divided into two categories, Type 1 if they are found
to be related to geomagnetic pulsations with a similar time period and Type 2, if
the emissions have no correlation (e.g., Kitamura et al., 1968; Sato et al., 1974;
Sazhin and Hayakawa, 1994). QP emissions are believed to be the consequence
of modulation of pre-existing whistler-mode waves in the geomagnetic equatorial
plane of the magnetosphere, where the observed decrease of intensity would be
the consequence of an increase of the ionospheric absorption (e.g., Heacock, 1981;
Morrison, 1990; Sazhin and Hayakawa, 1994).
Bursty Patches (Figure 1.3d) are short-time scale bursty emissions during geomagnetically disturbed periods observed during the ELF/VLF Campaign observation
with High-resolution Aurora Imaging Network (VLF-CHAIN) at subauroral latitudes by Shiokawa et al. (2014). They typically last from several tens of seconds
to a few minutes and are usually observed at frequencies higher than 4 kHz.
A correlation with geomagnetic pulsations has not been found, however they
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seem to consist of small rising-tone elements with a timescale of a few seconds,
similarly to that of chorus emissions. The emissions could be related to the
bursty injection of high-energy electrons in the inner magnetosphere, but their
generation mechanisms remains a mystery.

1.3

Dynamics of the radiation belts

ELF/VLF emissions can propagate in the whistler mode following the geomagnetic
field lines. Their resonant interactions with energetic electrons present in the radiation
belts surrounding the Earth play a very significant role regulating the dynamics of the
inner and outer belts (Helliwell, 1965). After generation, these plasma waves move
along the field lines where they can interact and exchange energy with the particles
already present in the inner magnetosphere. These wave-particle interactions can
change the energy of relativistic electrons, causing their acceleration (e.g., Bortnik and
Thorne, 2007; Katoh and Omura, 2007; Meredith et al., 2003; Omura and Summers,
2006), or modify their pitch angle, causing their precipitation into the loss cone. These
precipitating electrons produce diffuse auroral emissions and also contribute to the
ionization of the atmosphere, while electrons accelerated perpendicular to the magnetic
field in the equatorial plane contribute to flux enhancements of energetic particles in
the inner magnetosphere.
In recent years chorus has been the topic of several studies, mainly because of
their role in the acceleration of electrons in the radiation belts through wave-particle
interactions (e.g., Horne et al., 2005; Meredith et al., 2003; Miyoshi et al., 2003). Using
two-dimensional simulations, Thorne et al. (2013) demonstrated that chorus scattering
could explain electron flux increase observed in the outer belt during a geomagnetic
storm. These flux increases are evidence of local electron acceleration that cannot be
explained by inward radial diffusive transport and thus are believed to be caused by
wave-particle interactions with chorus (Reeves et al., 2003). On the other hand, chorus
has also been associated with micro-bursts of keV - MeV electrons (e.g., Lorentzen
et al., 2001; Miyoshi et al., 2010) and with electron scattering in pulsating auroras
(Nishiyama et al., 2011). Pulsating auroras are a type of diffusive aurora that has
distinctive luminosity patches that switch on and off with recurrence periods. These
modulations in intensity are caused by modulated downward-streaming electrons and
are believed to be driven by lower-band chorus (Nishimura et al., 2010).
Other types of ELF/VLF emissions in the magnetosphere also play an important
role regulating the electron population in the radiation belts. Hiss has been linked
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to the loss of electrons by pitch-angle scattering and hiss of plasmaspheric origin is
considered to be responsible for the slot region between the inner and outer radiation
belts during quiet times (e.g., Lyons et al., 1972). QP has also been associated with
electron precipitation showing the same modulation period (e.g., Hayosh et al., 2013;
Sato and Kokubun, 1980; Smith et al., 1998).
All of these types of ELF/VLF emissions can make a major contribution to the
acceleration and loss of radiation belt electrons (e.g., Helliwell, 1965; Horne et al.,
2005; Inan et al., 1982; Miyoshi et al., 2003), as such, they play an important role
in space plasma physics making their monitoring necessary to help understand the
dynamics of high-energy particles surrounding the Earth. Since the generation and
propagation of these waves is also strongly related to the varying conditions of the
magntosphere and ionosphere, as well as the changes in solar wind parameters, their
study is of particular interest for the space weather community. These types of waves
also carry important information about the plasma parameters in the region where they
are generated and can be used as a proxy to understand the vayring plasma conditions
in the magnetosphere.

1.4

Geomagnetic disturbances

As discussed previously, the dynamics of the magnetosphere are highly dependent on
the solar activity. At times when there is an increase in energy flows from the solar
wind and as the IMF turns southwards, it allows a coupling of the interplanetary and
terrestrial magnetic field. On the dayside, the field lines from both magnetic fields
then merge at the magnetopause transferring energy from the solar wind into the
magnetosphere, resulting in an enhancement of plasma convection in the magnetosphere
and spontaneous energy release from the magnetotail to the earth, identified as a
magnetospheric substorm (Akasofu, 1979). The different phases of the development of
a magnetospheric substorm are shown in Figure 1.4.
During the growth phase of the substorm, the tail of the magnetosphere gets
stretched and filled with energy, resulting in extremely stretched field lines on the
midnight side. As the field lines start collapsing into a more dipolar configuration due
to the reconnection of the field lines at the center of the tail, the previously stored
magnetic energy is suddenly released as the energized particles of the plasma sheet flow
earthwards deeper into the inner magnetosphere. This is known as the onset of the
expansion phase. The plasma occupying the plasma sheet then precipitates along the
field lines into the ionosphere, carrying the field-aligned electric current and creating

8

Introduction

Fig. 1.4 Development of a magnetospheric substorm. Figure reproduced from Fukunishi
et al. (1983).

spectacular auroral disturbances as well as strong electric currents in the ionosphere
called auroral electrojet current. Figure 1.5 shows examples of aurora observed on
November 13, 2013 during a 5 day visit to the Athabasca Observatory. As the
geomagnetic activity decreases, we enter the recovery phase where the magnetosphere
returns to its original state with the addition of hotter plasma remaining in the plasma
sheet. The Auroral Electrojet Index, or AE, provides information on intensity of the
auroral electrojet current derived from the variations of the H component at 12 selected
stations scattered throughout the auroral zone in the northern hemisphere. The AE
allows us to measure the auroral activity produced by enhanced ionospheric currents
flowing within the auroral oval (Akasofu, 2012).
If this coupling between the solar wind and the magnetosphere with southward
IMF continues for a prolonged period and the intensity of the geomagnetic activity
continues to grow, then it becomes a geomagnetic storm (Burton et al., 1975). As
the plasma sheet particles are continuously injected into the inner magnetosphere,
they form a ring current moving longitudinally around the Earth mainly due to the
inward plasma pressure gradient. Since the ring current flows westward, it causes a
negative change of the H component of the magnetic field measured on the ground.
The Disturbance storm time index, or Dst, represents the instantaneous worldwide
average of low-latitude H disturbances providing the necessary information to monitor
the development of a storm as represented by the ring current. A decrease in the Dst,
marks the development of the storm, signaling its main phase. As Dst starts its long
and slow return to standard values, we enter the recovery phase. Magnetic storms are
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Fig. 1.5 Auroral photographs observed in the northern sky of the Athabasca Observatory
during the night of November 13-14, 2015.

relatively rare, occurring about once per month and usually last several days, while
substorms, lasting a few hours, are much more frequent, sometimes happening several
times per day.
During these periods of geomagnetic disturbances, as the particles in the plasma
sheet move inwards into the inner magnetosphere they are adiabatically energized up to
hundreds of keV, increasing the energetic particle population in the region (Wang et al.,
2006). These particles then contribute to the ’seed’ population in the outer radiation
belt and can also play an important role in plasma wave generation (e.g., Miyoshi
et al., 2007, 2003). As mentioned in Section 1.3, wave-particle interactions can lead to
flux enhancements in the inner magnetosphere but also to particle scattering into the
loss cone. The delicate balance between the influx and loss of plasma sheet particles is
fundamental to understand how energy is transferred into the inner magnetosphere.

1.5

Wave propagation

ELF/VLF emissions propagate as whistler mode plasma waves, meaning that they
propagate in frequency ranges below the electron plasma and cyclotron frequency of
the medium. This propagation makes the waves follow a nearly field-aligned path in
the magnetosphere, particularly if their frequency is much lower than the electron
cyclotron frequency (fce ) (Kimura, 1985). When we take into account the influence
of ions in the wave propagation, Kimura (1966) found that whistler mode waves can
traverse across magnetic field lines as long as the wave frequency is below the lower
hybrid resonance frequency. As a consequence, waves can be reflected at high altitudes
and then remain trapped in the magnetosphere or plasmasphere ((green and blue path,
respectively, in Figure 1.6) until their dissipation.
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On the other hand, based on propagation of whistlers (impulses created by lightining), Helliwell (1965) suggested that plasma waves can also propagate within a
field-aligned density irregularity called a duct (yellow path). Ducts correspond to
either localized density enhancements or depletions that force the waves to stay confined to a given field line. Ducts are believed to be distributed in the magnetosphere,
appearing, disappearing and moving depending on the actual plasma convection in
the magnetosphere. Burton and Holzer (1974) used OGO 5 satellite measurements
in the outer magnetosphere and found that chorus propagation was consistent with
both ducted and un-ducted propagation. Using Cluster satellite data, Yearby et al.
(2011) showed cases of simultaneous observations of chorus and density enhancements
indicating ducted propagation and also suggested that not all chorus waves propagate
in the ducted mode. Indeed, recent ray tracing studies showed that is possible for
chorus to directly propagate to low latitudes (red path) for oblique initial wavenormal
angles (e.g., Bortnik et al., 2007; Chum and Santolík, 2005).

Fig. 1.6 Several types of ways an ELF/VLF plasma wave can propagate from its generation
region to the ground.

When the waves move through magnetized plasma, as is the case in the inner
magnetosphere, they induce motion in the free space charges already present in the
plasma, creating a current that in turn modifies the properties of the waves. As such,
there is a strong relationship between the nature of the waves and the parameters of
the plasma in which they propagate. Using these parameters and magnetic field data
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we can therefore theoretically predict the types of waves that can be created in the
plasma (Parks, 1991). Thus, electromagnetic waves such as the ELF/VLF emissions
presented in this study, can provide essential information on the plasma processes
happening in the inner magnetosphere.
Waves in a magnetized plasma can propagate in different types of modes depending
on the relationship between the plasma parameters. In the case of whistler mode, most
of the properties of propagation can be obtained from the Appleton-Hartree dispersion
relation giving the refractive index in an ionized medium containing a static magnetic
field (e.g., Helliwell, 1960). The formula approximates the refraction index as:
X
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sin4 θ + Y 2 cos2 θ(1 − X)1/2

where θ is the angle between the ambient magnetic field vector and the k-vector,
2
X = ωpe
/ω 2 , Y = Ωce /ω, ω is the wave frequency, ωpe is the electron plasma frequency
and Ωce is the electron cyclotron frequency (angular frequencies) (e.g., Kivelson and
Russell, 1995).

Fig. 1.7 Different solutions to the Appleton-Hartree dispersion relation showing the possible
electromagnetic waves allowed to exist in a cold plasma for (a) high plasma density relative
to low magnetic field or (b) low plasma density relative to high magnetic field. Figure
reproduced from Kivelson and Russell (1995, Figure 12.17)

All the solutions of this dispersion relation are given in Figure 1.7 which shows
parallel (θ = 0) and perpendicular (θ = π) propagation of the waves, as well as the cases
in which propagation at oblique angles is allowed (gray diagonal pattern). Figure 1.7a
shows the dispersion curves for the cases in which the electron plasma frequency
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is higher compared to the electron gyrofrequency and the plasma density is higher
compared to the ambient magnetic field, as is often the case in the magnetosphere.
Figure 1.7b shows the opposite case, regions of low plasma density compared to a strong
magnetic field, making the plasma frequency lower than the gyrofrequency (Kivelson
and Russell, 1995). In both cases, we indicate parallel propagation in right-hand
(R) or left-hand (L) circularly polarized modes, ordinary (O) or extra-ordinary(X)
perpendicular propagation and the subluminous Z-mode. Propagation of whistler-mode
waves is shows in a light blue diagonal pattern.
In cases where the electron gyrofrequency is low, whistler mode waves can only
exist below this value. However, when the gyrofrequency is higher than the plasma
frequency, the existence of the waves is limited by the plasma frequency. In the
inner magnetosphere, we typically have electron gyrofrequencies with considerably
lower values compared to plasma frequencies, therefore whistler propagation is mostly
illustrated by Figure 1.7a.

1.6

Purpose of this thesis

ELF/VLF waves play a fundamental role in the complex dynamics of the radiation
belts. Despite numerous studies on the properties of these plasma waves, there is still
a lack of a comprehensive study that takes into account all ELF/VLF emission types
at subauroral latitudes, considering their occurrence rates, dependence on solar wind
and geomagnetic parameters but also propagation properties. The main objective of
this thesis is to study the properties of ELF/VLF emissions at subauroral latitudes
starting with their ionospheric exit point and detection on the ground, following the
waves all the way to their source in the magnetosphere, using conjugate satellite data.
The work included in this thesis is therefore divided into six chapters:
In Chapter 2, we present the instruments we used through our study. We start by
presenting the ground-based observations done using two ELF/VLF receivers located
at subauroral latitudes in Athabasca (ATH) and Fort Vermillion (FVM), Canada. We
describe the loop antenna, as well as explain how the data is calibrated and acquired, in
addition to the resulting images. We also describe the EMFISIS Instrument, on board
the Van Allen Probes satellite (Radiation Belt Storm Probes (RBSP)), that provided
electric and magnetic field measurements to monitor the waves in the magnetosphere.
We will also discuss the timing accuracy of both systems. Finally we explain the two
main methods used during our study: the polarization analysis and the ray tracing.
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In Chapter 3, we discuss the properties of ELF/VLF waves as observed from the
ground. We will present the observations made by the receivers at ATH and FVM
during the VLF-CHAIN campaign. We present the results of the polarization and
spectral analysis with high temporal resolution obtained using data from the ground
station of Athabasca. We show that the polarization angle of the waves depends on
frequency as a consequence of the broadening of the ray path the waves follow from
their generation region to the ground. The angle is also time dependent, suggesting
the existence of wave duct variations either near the generation region or along the
ray path. For three selected cases, we use data from ATH and FVM to calculate the
ionospheric exit point of the waves and track its movements using a triangulation
method.
In Chapter 4, we present the results of a one-year statistical analysis using data
from ATH. We give the criteria used in the selection of events for this statistical data
set. We show that independently of season or magnetic activity, ELF/VLF occurrence
rate maximizes in the morning sector and minimizes in the night sector. However,
we also show that there is a correlation between ongoing substorm activity and the
increase of the occurrence rates. We also discuss central frequency and bandwidth
variations with relation to the location of the source of most of the waves observed
at ATH. We also take into account how the occurrence rates vary depending on wave
type. Finally, using a short- and long-term superposed epoch analysis of several solar
wind parameters and geomagnetic indices we investigate how solar wind conditions and
magnetic activity contributes to the generation of the waves at subauroral latitudes.
In Chapter 5, we used the statistical data set presented in the previous chapter to
select events showing the same frequency and spectral features both on the ground at
ATH and in space by the RBSP satellites. We present the single case of a conjugate
observation of the main QP emission and its accompanying short pulse. Using electrical
and magnetic field data onboard RBSP-A we make a wave analysis that we combine
with a time delay analysis (using both locations) in order to understand how the wave
propagated. We then present two propagation scenarios, one for the QP and one for
the short pulse. Using ray tracing models combined with cold plasma density observed
by RBSP-A we validate the propagation scenario for the QP.
In Chapter 6, we conclude this work by summarizing its results and give suggestions
for future studies.

Chapter 2
Instrumentation and data analysis
2.1

Introduction

To understand ELF/VLF wave properties and propagation at subauroral latitudes, we
use data from the ground and space. VLF receivers at the ground-stations of Athabasca
and Fort Vermillion will provide information on the ionospheric exit point and wave
properties as they arrive from bottom of the ionosphere. The variations of the wave
path are reflected in the characteristics of the waves observed on the ground. Satellite
observations provided by the Van Allen Probes will give insight on the generation
region and magnetospheric propagation of the waves. In this chapter we explain in
detail the instruments used both on space and the ground, as well as the analysis
methods employed to study ELF/VLF wave properties.

2.2

Ground-based observations

The VLF-CHAIN campaign made observations during a 9-day period from February
17-25, 2012, using two delta-type loop antennas and all-sky cameras located at the
ground stations at the Athabasca University Geospace Observatory (54.60◦ N, 246.36◦ E,
MLAT = 61.2◦ N, L = 4.3) and Fort Vermillion (58.38◦ N, 243.99◦ E, MLAT = 64.5◦ N,
L = 5.4), Canada. Both stations are located at subauroral latitudes and are separated
by a distance of approximately 450 km. Figure 2.1 shows their geographic locations, as
well as their geomagnetic coordinates, calculated using the International Geomagnetic
Reference Field (IGRF-11) model with a 2012 epoch time.
The receiver is composed of two crossed vertical loops. Each loop has 10 turns
and a total area of 16 m2 , providing respectively the north-south (N-S) and east-west
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Fig. 2.1 Location of the two stations, ATH and FVM, used during the VLF-CHAIN campaign.
Dotted lines represent geographic coordinates, solid lines represent geomagnetic latitudes.
Magnetic latitudes (MLAT) were calculated using the IGRF-11 model with an epoch time of
2012.

(E-W) magnetic field intensity variations with the particular advantage of a very high
sampling rate of 100 kHz. Figure 2.2 shows the antenna at its current location while
the entire observation system is illustrated in a block diagram in Figure 2.3. Using a
dual-channel low-noise preamplifier circuit, the signal is bandpass-filtered in 4 spaced
frequency channels and amplified for gain adjustment (e.g., Ozaki et al., 2008). After
both signals are A/D converted, the data is stored in external hard drives using a
personal computer. We use a GPS receiver to provide observation timing with an
accuracy of 1 µs. The data from the magnetic field components are stored along with
the riometer data and the GPS time signal, continuously, every day and at 10-minute
intervals (recording 9 minutes 50 seconds of data).
The antennas are two of the three sets that were developed as part of a VLF
observational campaign at Syowa Station (Antarctica) in 2006 (Ozaki et al., 2008).
They were calibrated at the same time by applying calibration factors in order to
convert the data from V 2 /Hz units to nT 2 /Hz units. The frequency and phase response
of the system is shown in Figure 2.4, for the (a-c) N-S and (b-d) E-W magnetic field
components. Between 1 kHz and 20 kHz, the response of the system in both cases
closely follows the expected values, while outside of this range the response becomes
noisier. It is also important to notice that both directions have similar frequency and
phase with nearly identical sensitivities.
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Fig. 2.2 VLF loop antenna at the Athabasca University Geospace Observatory during the
day (top) and during a night of auroral activity (bottom).

Fig. 2.3 Block diagram of the VLF receiver located at ATH.

Fig. 2.4 Frequency and phase response for the antenna system at ATH. Light blue (dark blue) lines show the measured frequency
(phase) response of the system, while orange (green) lines show the theoretical values for both N-S and E-W channels.
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Fig. 2.5 Examples of GPS time delay from PC clock for February 15, 21, 22 and 25, 2013
from 10:00 to 15:00 UT.

In the case of ATH, a GPS receiver is used to correct the sampling time of the
loop antennas and the clock of the personal computer (PC) is corrected to the GPS
clock every 10 minutes. Figure 2.5 shows several examples of the timing difference
between the GPS clock and the PC clock observed during 4 days in February 2013.
The time delay for each day is represented by a different color curve and shows that
the correction of the time delay by the PC is working properly: as soon as the time
deviates more than ∼15 ms, an automated correction is made and the time difference
is reduced. The maximum time delay observed at ATH was +19.8 ms.

2.3
2.3.1

Satellite observations
The Van Allen Probes

The Van Allen Probes, originally named the Radiation Belt Storm Probes (RBSP),
are a set of two nearly-identical satellites, each carrying five instrument suits with the
purpose of improving our understanding of radiation belt dynamics. The instruments
on-board measure electron and ion intensities over a wide range of energies, and
magnetic and electric fields covering a wide range of frequencies. To maximize the fly
time inside different regions of the belts, both spacecrafts have an orbital inclination
of 10◦ ±0.25◦ with an apogee altitude of ∼30,000-31,000 km and perigees altitudes
between 500 and 675 km. Using these parameters, as the orbits progress in time both
satellites are able to cut through the inner and outer belts, sweeping all local times
(Stratton et al., 2014).
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2.3.2

EMFISIS instrument

We used both survey and continuous waveform burst mode data from the Electric and
Magnetic Field Instrument Suite and Integrated Science (EMFISIS) waves instrument
on board RBSP-A. The EMFISIS suit consists of two tri-axial magnetometers located
at the end of separate extensible booms with a length of 3 m. The Magnetic Search Coil
(MSC) measures quickly varying AC magnetic fields while the Fluxgate magnetometer
(MAG) is for steady DC fields and ultra-low frequency wave measurements (Kletzing
et al., 2013). The survey mode of EMFISIS includes a high frequency spectrum and
a set of spectral matrices containing the three axis of the electric and magnetic field
components every 6 seconds bin averaged between 2 Hz and 12 kHz. The continuous
burst mode provides, in addition to the standard set of matrices, continuous waveforms
for 5.968 seconds between each 6 second survey data set. This data set allowed us to
obtain power spectral density and multicomponent wave analysis of ELF/VLF events.
To obtain cold plasma density at the time of the observation we measured the upper
hybrid resonance band using the electric field data from the high frequency receiver
(HFR) of EMFISIS (Kurth et al., 2015).

2.3.3

Timing accuracy

The Van Allen Probes time accuracy, relative to UTC, is assigned to be accurate to
±50 ms (3-σ). Throughout the past three years of operations, a time keeping system is
set to monitor the drift of the on-board clock and the spacecraft mission elapsed time
and the UTC reported time. The maximum observed time delay between these times
has been +70 ms (RBSP Team, personal communication, November 12-19, 2014).

2.4

Analysis method

We studied ELF/VLF waves properties on the ground and in the magnetosphere using
spectrum (coherence and cross-spectrum) and polarization parameters (polarization
angle, sense and degree) obtained using the methods described by Hino (1977) and
Fowler et al. (1967), respectively. Using the results from these analyses, combined
with time delay calculations, we use ray tracing techniques in order to reproduce the
propagation of the waves from the generation region to the ground.
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Data acquisition

From the time-series data of ELF/VLF waves observed at ATH with a sampling rate
of 100 kHz, we calculate the power spectrum density (PSD) for the N-S and E-W
horizontal magnetic field components and plotted frequency-time spectra for intervals
of 10 minutes and 24 hours. For the 10-minute spectra we used a 16384 point Fast
Fourier Transform (FFT), averaging every 16 frequency data points to reduce FFT
noise, obtaining PSD with a 97 Hz frequency resolution. In the case of the 24-hour
spectra we do an additional time and frequency averaging, obtaining a final frequency
resolution of 496 Hz.
We obtained the PSD for each channel with the following equation:
1
k
P ( ) = E[X(k)X(k)∗ ],
T
T

(2.1)

where P is the power spectral density, k is the wavenumber, T is the period, X is the
Fourier Transform (FT) of the signal, X ∗ its conjugate and E is the ensemble average.
Figure 2.6 shows an example of ELF/VLF emission spectra observed at ATH on
April 20 and 21, 2013. Figure 2.6a shows two 24-hour spectrum figures put together
for frequencies ranging from 0 to 10 kHz showing lightning induced noise above 4 kHz,
mainly from 0 to 12 UT and 28 to 38 UT, and tweeks at ∼2kHz from 33 to 36 UT that
are not included in this study. ELF/VLF emissions occur mainly between 2 and 4 kHz,
from 13 to 28 UT as hiss and QP. For a closer look at the different types of emissions
observed during this period, we show 10-minute spectra in Figure 2.6b, Figure 2.6c
and Figure 2.6d. To reduce processing time of raw data and lightning interference, we
decided to concentrate on the frequency range below 10 kHz, corresponding to the
approximate half gyro-frequency (0.5fce ) for electrons at the L-shells of ATH. Since
the majority of waves that propagate to the ground correspond to the lower band,
below 0.5fce , we expect to see most of the events below ∼5-6 kHz. However by keeping
the frequency range up to 10 kHz, we can still observe higher band emissions in the
cases where they can propagate to the ground. Figure 2.6b shows a snap-shot of a
hiss emission with a maximum frequency of ∼3.5 kHz observed from 13 UT to 18UT.
Figure 2.6c shows a very intense QP emission centered at ∼2.5 kHz that started around
23 UT continued until 27 UT, becoming less intense and rising in frequency to 3.5 kHz
as shown in Figure 2.6d. We indicate the starting times of these emissions by white
dashed vertical lines in Figure 2.6a.

Fig. 2.6 Example of ELF/VLF emissions that can be observed at subauroral latitudes in Athabasca, Canada. Power spectrum density
from 0 to 10 kHz in 48-hour format showing (a) ELF/VLF wave activity on April 20 and 21, 2013. Purple arrows indicate local
magnetic midnight. Using 10-minute format from 0 to 5 kHz we can identify the emissions observed: (b) broad hiss emission up to 3.5
kHz at 14:50 UT, (c) intense QP emission at 00:10 UT centered at ∼2.8 kHz that later on (d) rises in frequency to ∼3.6 kHz at 02:20
UT.
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Polarization and wave analysis

We use the cross correlation function to calculate the similarity between two signals as
a function of time lag. The cross correlation function Cxy is defined as (Hino, 1977):
Cxy (t) = x(t)y(t + τ ),

(2.2)

where x(t) is the reference signal, y(t) is the second signal, τ the time lag between the
two signals and the horizontal bar represents the mean.
We change from time to frequency domains, using the FFT applied to the cross
correlation function to obtain the cross spectrum:
Sxy (w) = E[

2π ∗
X (w)Y (w)],
T

(2.3)

where X ∗ is the conjugate Fourier Transform (FT) of x(t), Y is the FT of y(t) and
E[...] represents the ensemble average.
For an easier understanding of the relationship between the two signals, we introduce
the coherence, coh, as:
cohxy (w) =

v
u
u
t

2 |
|Sxy
.
Sxx · Syy

(2.4)

where, Sxx and Syy are the spectral densities for x(t) and y(t), respectively. The more
the coherence has values close to 1, the more the signals are considered similar. In
section 3.2, we study the relationship between the N-S and E-W components of the
magnetic field variations measured at ATH, in this case x represents N-S while y
indicates E-W. However, in section 5.3 we will study the relation between the signals
measured in the ground and on-board the satellite, therefore x will represent ATH
(either N-S or E-W) and y RBSP-A.
We then introduce a polarization analysis using the polarization parameters described in Fowler et al. (1967) . The polarization angle, θ, is the angle between the
N-S and E-W components at ATH and is defined from the geomagnetic north, positive
angle values are westward and negative values eastward. It was calculated using the
following equation:
tan 2θ =

−2Re(Pxy )
,
Pxx − Pyy

(2.5)

Instrumentation and data analysis

24

where Pxx and Pyy are the power spectrum densities for the N-S and E-W signals
respectively, and Pxy is the cross spectrum of the two signals.
The degree of polarization, R, ranging from 0 and 1, gives the ratio of totally
polarized to non-polarized signals. This gives another indication of the relationship
between the N-S and E-W magnetic field components and was calculated using the
following equation:
R=

v
u
u
t1 −

4|J|
,
(Pxx + Pyy )2

(2.6)

where J is the coherency matrix giving the polarization of the wave field and is written
as:




Pxx Pxy 
J =
.
Pyx Pyy

(2.7)

Finally, the sense of polarization is calculated using the auxiliary angle, β, which is
defined by the ratio of the minor and major axis of the ellipse and is given by:
sin 2β =

2Im(Pxy )
,
Pxx + Pyy

(2.8)

If sin β is positive, the polarization vector rotates counterclockwise, and the wave
is considered as Left Hand (LH) polarized. On the other hand if sin β is negative,
the rotation is clockwise and therefore Right Hand (RH) polarized. We have taken
into account that in the northern hemisphere, waves that are reflected on the ground
change their polarization sense from RH to LH. Therefore, in this study we have only
considered incoming waves, RH polarized, meaning polarization sense values between 0
and 1.
The energy flux and the direction of the propagation of this energy for a plasma
wave is measured by the Poynting vector. When the wave is in an inhomogeneous
plasma, the direction in which the energy of the wave propagates can sometimes differ
from the direction of the wave normal angle (⃗k). The Poynting vector is defined as:
⃗= 1E
⃗ × B,
⃗
S
µ0

(2.9)

⃗ and B
⃗ are the wave electric and magnetic field vectors, respectively, and µ0 is
where E
the permeability in the vacuum.
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Time delay analysis

In the case of a conjugate event, we are observing the same signal in two locations. In
this study we observed the same emission, showing the same frequency and spectral
figures, at ATH and by RBSP-A. We performed a cross-correlation analysis that allowed
us to estimate the degree of correlation between the signals from ATH and RBSP-A
as a function of the time delay between them. The maximum of the cross-correlation
function gives the time delay (lag) for which the two signals are the best aligned: the
location of the maximum of the correlation coefficient being positive (negative) means
that ATH (RBSP-A) saw the emission first.
Since the signal from RBSP-A has a lower sampling rate of 35 kHz, we interpolated
both in frequency and time to match the 100 kHz sampling rate of ATH. We then
calculated the time delay by shifting the two signals for either the full length of
burst mode data or a determined time of either 20 or 25 seconds. We used a 100-Hz
frequency box centered at a determined (variable) frequency, calculating the maximum
value of the cross-correlation coefficient using two separate methods: Spearman’s rank
correlation and Pearson’s linear correlation using a similar approach as Santolík et al.
(2005) and with the methods described by Press et al. (1996).
The linear correlation coefficient, also known as Pearson’s coefficient, r is given by:
PN −1

i=0 (xi − x)(yi − y)
qP
r = qP
,
N −1
N −1
2
2
(x
−
x)
(y
−
y)
i
i
i=0
i=0

(2.10)

where x and y represents the first and second series (ATH and RBSP-A respectively)
and x and y the mean values of xi and yi , respectively.
We calculate Spearman’s rank correlation, by calculating the linear correlation
coefficient of the ranks for both signals:
PN −1

i=0 (Ri − R)(Si − S)
qP
ρ = qP
,
N −1
N −1
2
2
(R
−
R)
(S
−
S)
i
i
i=0
i=0

(2.11)

where Ri is the rank of xi among the other values of x (ATH signal, NS or EW), Si is
the rank of yi among the other values of y (RBSP) and R and S are the respective
mean values for each signal. The smaller the value of ρ, the higher the correlation.
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2.4.4

Ray tracing

Ray tracing is a technique used to describe the propagation of different types of
waves in a magnetized plasma which allows us to analytically study the propagation
characteristics of ELF/VLF emissions. In mediums such as the magnetosphere or
the ionosphere, the trajectory of the energy flow of an electromagnetic disturbance
corresponds to the ray path of this disturbance. These ray paths can be calculated
either by finding the direction of the Poynting vector or the direction of the wave
packet (e.g., Shawhan, 1966). Ray tracing simplifies Maxwell’s equations under a
variety of assumptions and variations and has allowed us to study wave propagation in
the ionosphere and magnetosphere for several decades (e.g., Haselgrove, 1955; Kimura,
1966)
To compute ray paths in the ionosphere Yabroff (1961) substituted the complex
refractive index from the Appleton-Hartree equation into the ray equations derived by
Haselgrove (1955), the resulting path in spherical coordinates (r,θ,φ) are as follows:

1
∂µ
dr
= 2 (ρr − µ
)
dt
µ
∂ρr

(2.12)

1
∂µ
dθ
= 2 (ρθ − µ
)
dt
rµ
∂ρθ

(2.13)

1
∂µ
dφ
= 2
(ρφ − µ
)
dt
rµ sin θ
∂ρφ

(2.14)

1 ∂µ
dρr
dθ
dφ
=
+ ρθ + ρφ sinθ
dt
µ ∂r
dt
dt

(2.15)

dρθ
1 1 ∂µ
dr
dφ
= (
− ρθ + rρφ cosθ)
dt
r µ ∂θ
dt
dt

(2.16)

dρφ
1
1 ∂µ
dr
dθ
=
(
− ρφ sin θ − rρφ cosθ)
dt
r sin θ µ ∂φ
dt
dt

(2.17)

where µ is the real part of the complex phase refractive index, ρr,θ,φ are the
components of the wave normal vector, t is the time phase travel along the ray.
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Additionally, we can also calculate the path length, S, and the group delay, T :
dS
1
=
dt
µ cos α

(2.18)

dT
1
f ∂µ
= (1 +
)
dt
c
µ ∂f

(2.19)

where µ cos α is the ray refractive index, f is the wave frequency, and c is the speed
of light. Besides the references mentioned above, a very detailed description of the
derivation process of the ray tracing equations and propagation characteristics can be
found in Shawhan (1966).

Chapter 3
Polarization analysis of ELF/VLF
waves at subauroral latitudes
3.1

Introduction

The large majority of previous studies of VLF/ELF waves at subauroral latitudes have
been done using the VLF/ELF Logger eXperiment (VELOX) instrument located in
Halley, Antarctica, at L-shell 4.3 (e.g., Smith, 1995; Smith et al., 1999). Although
data has been recorded for the past 20 years, most of the studies did not concentrate
specifically on the waves or their physical properties, but were mainly focused on
their long-term variation and dependence on the solar cycles. Other studies of chorus
wave emissions have been done at higher L-shell values, for example, at Syowa Station
in Antarctica (L = 6.8) using polarization analysis, mainly focusing on full wave
analysis and the ionospheric exit point (e.g., Ozaki et al., 2008) and not on their
characteristics. Consequently, we perform a spectral and polarization analysis of
several types of VLF/ELF emissions, including but not limited to chorus waves. This is,
to our knowledge, the first comprehensive study of the physical properties of VLF/ELF
emissions using polarization analysis at subauroral latitudes.

3.2

Observations

During the VLF-CHAIN campaign, made at ATH and FVM on February 17-25,
2012, several interesting features of ELF/VLF emissions were observed. Examples
include quasi-periodic (QP) emissions, falling-tone and rising-tone chorus, hiss, as well
as “bursty-patches” emissions first reported by Shiokawa et al. (2014). We visually
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inspected the wave spectra from ATH during the campaign period, looking for clear
chorus, QP, hiss and any other type of ELF/VLF emission. Once we identified the
emissions, we proceeded to use the FFT to obtain spectral and polarization parameters.
We then chose to further investigate the cases with relatively high spectral intensity
and coherence values between the N-S and E-W components, retaining five instances of
rising-tone chorus, one falling-tone chorus, four QP emissions, two intense chorus mixed
with hiss, and three instances of bursty-patches. The duration of these emissions varied
from a couple of minutes for the bursty-patches, to several hours for most of the other
emissions. Applying a polarization analysis and calculating the polarization parameters
(i.e., polarization angle, sense, degree) we found several interesting characteristics for
different types of waves. We will first concentrate on the variation of the polarization
angle with time and frequency using data from ATH. Then, we will pinpoint the
source location of three events observed simultaneously at ATH and FVM. The
magnetospheric source of the waves is believed to be directly connected to the point in
the lower ionosphere where the waves exit to the ground called ionospheric exit point
(Tsuruda and Hayashi, 1975). In some cases, chorus can propagate obliquely to the
geomagnetic field (Bortnik et al., 2009), thus the study of the location and motion of
this exit point can yield significant information regarding the wave-particle interaction
region and their propagation to the ionosphere (e.g., Lauben et al., 2002).

3.2.1

Properties of ELF/VLF emissions

Frequency dependence of the polarization angle
We observed several instances in which the polarization angles of the ELF/VLF emissions were frequency dependent. We will illustrate this phenomenon with two case
examples:
Case 1: On February 17, 2012, a long and intense emission lasting approximately
4 hours started at ∼09:50UT as a QP emission showing repeating frequency increases
with time scales of 10 to 15 seconds. After about 20 to 30 minutes the emission
showed chorus-like structures mixed with an intense hiss band ending at ∼13:30 UT.
This corresponds to post-midnight to early morning local time (02:50 to 06:30 LT).
Figure 3.1 shows the spectral and polarization parameters of a 30 minute time frame at
the beginning of this emission. The structured chorus emission with some rising-tone
features can be seen in the PSD panel from frequencies of ∼1.5 to 3.5 kHz (Figure 3.1d)
accompanied by some QP structures that can be more clearly observed in the first
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5 minutes. In Figure 3.1a, most of the emission shows high coherence values (≥0.6)
between N-S and E-W components at frequencies close to 2 kHz and at 3.5 kHz for the
first 8 minutes. We observe similar results for the polarization degree in Figure 3.1c.
In the polarization angle panel (Figure 3.1b) we observe that, for lower frequencies (∼
2kHz) the angle is negative close to −35 ◦ (blue) while for higher frequencies (∼3kHz)
the angle remains positive at approximately 20◦ (light yellow). We also note that in
the three polarization panels shown in Figures 3.1a, b and c, there appears to be a
’gap’ at ∼2.8 kHz that is not visible in the PSD panel (Figure 3.1d).
Case 2: On February 18, 2012 we observed another long emission with a duration
of almost 6 hours. It also starts as a QP emission at ∼14:00 UT, lasting for about
2 hours then at ∼16:00 UT transforms into hiss, later on showing chorus elements
at ∼18:20 UT and finally ending around 20:30 UT. This corresponds to morning to
early afternoon local time (09:00 to 13:20 LT). Figure 3.2, in the same format as the
Figure 3.1, shows a 30 minute interval in the middle of the chorus emission. Between 2.5
and 4.0 kHz, we can clearly identify a hiss band mixed with chorus showing rising-tone
elements visible at around the 8-10 minute mark in the PSD panel (Figure 3.2d).
As in the previous example, high coherence and high degree of polarization values
were observed (Figures 3.2a and c). In Figure 3.2b, we see that the polarization
angle for higher frequencies, above 3kHz, has positive values close to 15◦ (light yellow)
while at frequencies below 3 kHz, the angle remains negative, closer to −20◦ (light blue).
This frequency dependence of the polarization angle was observed a total of six
times during the duration of the VLF-CHAIN campaign. It was usually seen once per
event, per day (except on February 19, 2012 when it happened twice in one day during
a particularly long event showing chorus-like structures mixed with QP), lasting from
several minutes to several tens of minutes (up to 40 min).

Time dependence of the polarization angle
In addition to the frequency dependence of the polarization angle, we also noticed
in several occasions that the polarization angle of the ELF/VLF emission was time
dependent, as illustrated by the next two case examples:
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Fig. 3.1 30 minute plot of polarization (a-c) and spectral (d) parameters of a QP emission
mixed with chorus containing rising-tone elements observed at ATH on February 17, 2012
from 10:50 UT to 11:20 UT. Blue and red arrows indicate the calculated half-gyrofrequency
for the L-shell of ATH (L=4.3) at the equatorial plane by T96 and T01 models, respectively.

Fig. 3.2 30 minute plot of polarization (a-c) and spectral (d) parameters of a chorus band
emission centered at 3 kHz observed at ATH on February 18, 2012 from 18:30 UT to 19:00
UT. Blue and red arrows indicate the calculated half-gyrofrequency at the equator plane by
T96 and T01 models, respectively.
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Fig. 3.3 30 minute plot of Polarization (a-c) and spectral (d) parameters showing the start
of a chorus emission centered at 3.3 kHz showing some QP elements, observed at ATH on
February 23, 2012 from 16:20 UT to 17:10 UT. Blue and red arrows indicate the calculated
half-gyrofrequency at the equator plane by T96 and T01 models, respectively.

Fig. 3.4 30 minute plot of polarization (a-c) and spectral (d) parameters showing QP elements
mixed with a chorus emission centered at 1.5 kHz observed at ATH on February 19, 2012
from 22:00 UT to 22:30 UT. Blue and red arrows indicate the calculated half-gyrofrequency
at the equator plane by T96 and T01 models, respectively.
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Case 1: On February 23, we observed an emission starting suddenly during a
quiet time and lasting for almost 5 hours. It started at 16:25 UT with very clear QP
elements, quickly showing chorus-like structures that then mix with hiss and finally
disappeared at ∼21:10 UT. The duration of the emission corresponds to morning and
early afternoon in local time, from 09:25 to 14:10 LT. Figure 3.3d clearly shows the
starting point of the emission for frequencies of 2.5 to 4.0 kHz followed by its first 25
minutes. Figures 3.3a and c show high coherence between N-S and E-W components,
as well as a high degree of polarization (both ≥0.8). These panels help us identify a
wave structure with a period of several minutes within the emission, that could be
an overlapping QP but that only lasts for about 20 minutes. Figure 3.3b shows that
during this 25 minute interval, the polarization angle values start from negative (close
to -30◦ , blue) to positive (close to 25◦ , light yellow), then change back to negative
(−40◦ , dark blue) for another few minutes, only to go back to positive values (20◦ , light
yellow) in a similar time frame. Additionally, we can also see the appearance of a ’gap’
at ∼3.2 kHz, not observed in the PSD on Figure 3.3d but visible only in the last 10-15
minutes of the polarization panels (Figures 3.3a, b and c).
Case 2: On February 19, there was an extremely long QP emission lasting from
14:30 UT to 23:00 UT, showing quasi-periodic frequency increases observed between
1 and 2.5 kHz. In this case, the emission did not turn into a chorus-like band as
in previous examples, however it did show chorus elements during some intervals.
Figure 3.4 shows a 30 minute span towards the end of the QP emission; the PSD
panel (Figure 3.4d) clearly shows quasi-periodic frequency increases with the emission
centered at 1.5 kHz as well as the QP structures with an uneven periodicity of several
tens of seconds. Figures 3.4a and c show high coherence between N-S and E-W magnetic
field components and high polarization degree (both ≥ 0.7). In Figure 3.4b we can see
that for the first 6-7 minutes of this chosen time frame, the polarization angle is slightly
negative (−10◦ , light blue) or close to 0◦ (light green), then changes to positive (close
to 15◦ , yellow) for about 9 minutes just to go back to negative (close to −40 ◦ , dark
blue) for a couple of minutes before finally stabilizing to positive values. Unfortunately,
at this point the intensity of the emissions lessens to a degree where the polarization
analysis cannot be properly visualized.
Time dependent emissions such as the ones shown in these examples were observed
eight times during the nine day period, six of those found during the very long event
on February 19. In all of the occurrences, intervals of polarization angle sign changes
lasted for several tens of minutes, within which sign changes took place every few
minutes (from 2 to 10 minutes).
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Polarization analysis of bursty-patches
Shiokawa et al. (2014) reported short-time scale bursty emissions during geomagnetically disturbed periods observed during the VLF-CHAIN campaign giving them the
name of ’bursty-patches’ or BP for short. Figure 3.5 shows a 10-minute interval of the
polarization and spectral parameters of the very long event observed on February 19,
2012 (also shown as an example in Figure 3.5) accompanied by a BP. Figure 3.5d shows
the BP starting at the 8 minute mark falling from 5 to 4 kHz for about a minute, then
rising in frequency slightly above 5 kHz for the next minute or so. In this panel, we can
also see a QP with a period of about 20 seconds mixed with a chorus emission showing
rising tones between frequencies of 1.0 to 2.5 kHz. Compared to the other examples,
Figure 3.5a shows relatively low coherence (between 0.5 and 0.7), while Figure 3.5c
shows polarization degree values above 0.6. In Figure 3.5b, the main chorus emission
centered at 2 kHz starts with slightly positive polarization angle values, then in a few
minutes, becomes highly negative (up to −50◦ , dark blue). On the other hand, the
angle for the BP remains positive varying from approximately 5◦ to 20◦ (yellow) for its
whole duration.

Chorus structures
With the help of the very high sampling rate of the data (100 kHz) we can create high
time resolution plots of the spectral and polarization parameters that allow us to see
the chorus emission structure. To increase in time resolution from 0.16384 s to 0.04096
s, we have lowered the frequency resolution from 97 Hz to 388 Hz, averaging every 16
frequency data points. Figure 3.6 show one minute of a chorus emission observed at
ATH on February 19, 2012 at 18:15 UT, just before noon local time. In Figure 3.6d, we
can observe structures with a periodicity of ∼10 seconds, as well as the chorus elements
with a time scale of a few seconds. Figures 3.6a and c show high coherence between
N-S and E-W components and high polarization degrees, both with values above 0.7.
The polarization angle is shown in Figure 3.6b. Unfortunately, due to the lowered
frequency resolution, the detailed view of the variation of the polarization angle for
each chorus element is not conclusive. Nonetheless we can say that the polarization
angle for the ∼10 seconds structures seems to be fairly stable and in between 0◦ (light
green) and approximately 20◦ (yellow).
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Fig. 3.5 10 minute plot of polarization (a-c) and spectral (d) parameters observed at ATH on
February 19, 2012 from 20:20 UT to 20:30 UT. Chorus emission centered at 2 kHz accompanied
by a BP at ∼4 kHz. Blue and red arrows indicate the calculated half-gyrofrequency at the
equator plane by T96 and T01 models, respectively.
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Fig. 3.6 One minute high time resolution spectra showing the quasi-periodic and chorus
elements of a quasi-periodic chorus emission observed at ATH on February 19, 2012 at 18:15
UT. The blue and red arrows indicate the calculated half-gyrofrequency at the equatorial
plane by T96 and T01 models, respectively.
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Ionospheric exit point

From February 17 to 25, 2012 we found several chorus events that were simultaneously
observed at ATH and FVM. Only three of them were intense enough to yield significant
results from the polarization analysis at both stations. The three cases were observed
on successive days from February 18 to 20 and at similar times in the early afternoon
local time. Figure 3.7 shows, in order, from top to bottom, the resulting polarization
angle values as a function of time for February 18, 19 and 20. The raw angle values,
each for 30 seconds of data per 10 minutes, are shown in light blue for ATH and orange
for FVM. Their calculated mean angle, with their corresponding error bars, are shown
in dark blue for ATH and red for FVM. Among the examples mentioned previously in
this section, only the one corresponding to the very long event observed on February
19, 2012 gave satisfying results for both stations (Figure 3.7). We observe that all
three cases show similar angle variations for both ATH and FVM. This trend can be
seen more clearly in Figure 3.7c, as the angle values for both stations decrease until
19:30 UT then increase at ∼20:10 UT, only to decrease again until 20:30 UT.
We used the calculated mean value of the polarization angle combined with a
triangulation to follow the movement of the ionospheric exit point during these three
events (e.g., Ozaki et al., 2008; Tsuruda and Hayashi, 1975). In an effort to make the
movement clearer for the reader, we have only chosen 4 to 5 relevant points per case;
these points are plotted in Figure 3.8. The geographic location of the two stations
and the directions of the incoming chorus waves as seen from ATH are in blue, and
from FVM are in red, for all three events. The numbers inside each dot indicate
the progression with time of the location of the ionospheric exit point of the chorus
emissions, starting from 1 until 4 for Figures 3.8a and c. In the case of Figure 3.8b,
the exit point moved, in order, from locations 1 to 4 then went back to location 1.
The stations, ATH and FVM, are separated by approximately 450 km as the crow
flies, therefore we can estimate that the exit point hovered for a maximum of ∼90 km
in case (a), ∼125 km for case (b) and ∼275 km in case (c). We can also note that in
Figures 3.8a and b the ionospheric source of the chorus emission seems to move in an
overall straight line direction, moving away from either ATH or FVM, with forward
and backward movements. Meanwhile, in the case of Figure 3.8c, the source seems
to follow a more disorderly movement, hovering in between the two stations, but also
shifting in a forward/backward motion. We noticed that in all three cases, the source
location seems to always be in between the two stations, and in particular it seems to
be closer to FVM than to ATH.
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Fig. 3.7 Polarization angle and calculated mean value variation with time for three simultaneously observed chorus emissions as seen from ATH (blue) and FVM (red) on February (a)
18, (b) 19 and (c) 20, 2012 as a function of UT.
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Fig. 3.8 Spatial movement with time of the ionospheric exit point for three simultaneously
observed chorus emissions detected during three contiguous days at ATH and FVM: (a)
February 18, (b) 19 and (c) 20, 2012.

3.3
3.3.1

Discussion
Characteristics of ELF/VLF emissions

Due to the high sampling rate in a low-noise environment at ATH, we were able to
plot high time resolution spectra of different types of emissions, allowing us to see the
discrete elements within each chorus emission, as we have shown in Figure 3.8. However,
we cannot see any kind of definite trend or variation of the polarization angle within
neither the chorus elements themselves, in a time scale of a few seconds, nor in the
structures with a time scale of tens of seconds. This suggest that the polarization angle
is fairly constant within one single chorus or QP structure and there is no frequency or
time dependence of the polarization angle for small scale structures.
Nonetheless, on a longer time scale, we found that the polarization angle of several
ELF/VLF emissions at subauroral latitudes is frequency dependent. In the example
presented in Figure 3.1, this frequency dependence could actually be the result of the
overlapping of two separate emissions. On a first approach, if we only look at the
spectra on Figure 3.1d, it appears as if there is only one emission present covering
from 1.5 to 3.5 kHz. However, if we look at the coherence and polarization degree
panels in Figures 3.1a and b, we can distinguish two different emissions: one more
intense centered around 2 kHz and the other moderate at ∼3.5 kHz. It seems that
the ground station detected two overlapping simultaneous emissions, each one with
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different and almost opposite polarization angle values, thus suggesting that they exited
the ionosphere in two different directions from the station (Strangeways, 1986). On a
closer inspection of the first 5 minutes of the PSD panel (Figure 3.1d) we notice that
these two emissions are both comprised of rising tones with similar periodicity, of the
order of 10 to 15 seconds. On the other hand, if we look at the three panels showing
the polarization parameters, Figures 3.1a, b and c, we see a ’gap’ at ∼2.8 kHz between
what could be two emissions. Using the Tsyganenko models T96 (i.e., Tsyganenko,
1995) and T01 (i.e., Tsyganenko, 2002a,b) with solar wind parameters obtained from
the NASA OMNI database, we calculated the value for 0.5 fce at ATH for all the
presented cases. The half gyro-frequencies obtained with both models are indicated
by the colored arrows on the left hand side of each panel, red for T01 and blue for
T96. Their values fluctuate between 3.31 and 5.07 kHz, which are somewhat above the
frequencies in which the gap was observed. Since the gap is present between 2.5 and
2.8 kHz, we used the Tsyganenko models to calculate the L-shell values corresponding
to these values of half-gyro frequencies and found that it corresponds to 4.4 ≤ L ≤ 4.8,
just between the L-shells of the two stations. Therefore, another possible explanation
for the different polarization angle observed in this case would be that instead of being
two separate emissions, we are actually observing a single chorus emission without a
clear gap at the half gyro-frequency as the consequence of nonlinear damping due to
the inhomogeneity of the static magnetic field (e.g., Omura et al., 2009). In this case,
the emission around 3.5 kHz would correspond to the upper band of a chorus emission
while the one at 2 kHz would be the lower band.
We also note that most of the waves are observed below 0.5 fce , suggesting that
ATH is only detecting the lower band of the chorus. This can be explained by the
fact that lower band chorus has been found to be generally more intense than the
upper band, covering more L-shell values and thus more likely to reach the ground
(e.g., Meredith et al., 2012). Another possibility could be that wave attenuation in the
ionosphere is frequency dependent or that the propagation from the magnetosphere
to the ionosphere depends also on frequency, resulting in the upper band not being
able to propagate to the ground. The fact that the ’gap’ is located almost 1 kHz below
the calculated 0.5 fce could indicate that it results of combination of two different
sources. On the contrary, in the example from February 18 shown in Figure 3.2, there
is no indication that the difference in polarization angle values might be the result
from overlapping emissions and there is also no visible gap. Previous studies (e.g.,
Yamagishi, 1989) have suggested that in the case of non-ducted waves, a ray path
deviation or broadening might be caused by lower-hybrid resonance. Such mechanisms
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could explain why the same chorus emissions with different frequencies seems to be
observed from the ground as incoming from different directions, as shown in the cases
of Figures 3.1 and 3.2.
We also found that the polarization angle of several chorus emissions was time
dependent. Figure 3.3 shows an example of time dependent polarization angles, showing
what looks like a half gyro-frequency gap at 3.2 kHz. The polarization angle changes
every couple of minutes and then stabilizes to positive values as the emission ’grows’
further after the plotted interval. Following the coherence and polarization degree
values in Figures 3.3a and b, we can identify at least three periodic structures in the
chorus emission, spanning several minutes and starting at the 5, 18 and 23 minute
mark, respectively. In Figure 3.3b we see that, at least in the first two wave structures,
the change of the polarization angle happens during the interval between them. We
suggest that this is the consequence of some type of localized variation of plasma
and magnetic field conditions, near or at the source of the chorus emission in the
geomagnetic equator, and thus signifying the movement of the magnetospheric source
region with time. Moreover, this figure shows a QP emission that suddenly started
at a quiet time, suggesting that this instability at the source could also have been
the ’trigger’ for this particular chorus emission. At the same time, the other example
of time dependence of the polarization angle, shown in Figure 3.4, does not happen
within the structured interval itself but includes a handful of QP elements spanning
several minutes at a time. We suggest that this is the result of the changing wave duct
structure between the source in the magnetosphere and the ionospheric exit point of
the emission, and not a direct consequence of the movement of the magnetospheric
source (e.g., Strangeways, 1991).
BPs, first reported by Shiokawa et al. (2014), are believed to correspond to the
upper frequency band of certain types of chorus emissions. However, as shown in
Figure 3.5b, the main chorus emission and the BP have almost opposite polarization
angle values, the first one being positive (yellow) the second one negative (dark blue).
This suggests that the BP and the main chorus emission might come from two separate
locations in the ionosphere. This could also be explained by a frequency dependence of
the ray path of ELF/VLF emissions, including chorus, from their generation region to
the ground, as explained previously in this section. The additional study of all the
BPs detected during the VLF-CHAIN campaign showed that they had usually positive
polarization angle values, between 0◦ and +25◦ . Even so, at least in one case, we
observed the polarization angle value to go down to −10◦ , and in at least two instances
we noticed that the polarization angle of the BP was independent of the one from the
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accompanying chorus. Therefore, these results cannot corroborate or disprove that
there is a relationship between these two emissions.

3.3.2

Ionospheric exit point of chorus

Using the polarization data from ATH and FVM, we pinpointed the location of the
ionospheric exit point of three chorus emissions observed simultaneously in both
stations. In all three cases, we observed that both ATH and FVM show similar
variations of the polarization angle, usually negative values (eastward) as shown in
Figure 3.6. This suggests that chorus detected at these stations are generally exiting
the ionosphere at similar points, suggesting that the waves follow a preferential path
from the magnetosphere to the ground.
Taking into account the angle difference between the geomagnetic and geographic
north, we have plotted the incoming direction of the chorus emissions as seen by ATH
(blue) and FVM (red) for all three cases (Figure 3.8). The ionospheric exit point of
the waves seems to be located in between both stations, slightly closer to FVM than
ATH. This reinforces the idea of the existence of a preferred path for the propagation
of these waves. Unfortunately, because of the lack of statistics we cannot give more
details about the characteristics of this path. We believe however, that the closeness of
the ionospheric exit point to FVM can be explained by the fact that, because FVM’s
data tends to be noisier and only recorded for 30 seconds every 10 minutes, a chorus
emission seen at ATH might not be intense enough to be detected at FVM. Conversely,
if the emission is strong enough to be detected at FVM it can be more easily detected
in the data from ATH.
In addition, the movements of the ionospheric source of these emissions seem to
follow a straight direction as seen from ATH in Figure 3.8a and FVM in Figure 3.8b. It
is accompanied by backwards and forwards movements following this general straight
direction. However, this direction does not seem to be constant in all three cases,
becoming quite dispersed in the third case, as shown in Figure 3.8c. Thus, we cannot
conclude a fixed preferred direction in which the ionospheric exit point of these chorus
waves, and thus their generation region, would move. Even so, because of the hovering
motion of the exit point, we can suggest that the ionospheric source movement can be
altered by short scale processes with time scales of 20 to 50 minutes. Consequently,
chorus emission generation and their propagation might be also dependent on short
time scale processes.
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Polarization analysis of ELF/VLF waves at subauroral latitudes

Conclusions

In this chapter, we have been able to get a closer look at the structure of ELF/VLF
emissions including chorus, as well as follow the variations of the polarization angle
for several types of these emissions, not only chorus waves but also QP and hiss.
Complementing this with the data from FVM, we were able to gather information on
the spatial movement of the ionospheric exit point.
Applying polarization and spectral analysis on data gathered during the VLFCHAIN campaign, we found several cases in which the polarization angle of the
ELF/VLF waves at subauroral latitudes was frequency and time dependent, lasting
up to several tens of minutes. We suggest this is the consequence of the broadening
of the ray path that waves follow from their generation region in the magnetosphere
to the ground, causing waves with different frequencies to have different ionospheric
exit points. The time dependence of the polarization angle was generally observed
several times lasting for several tens of minutes and changing values from negative to
positive (or vice versa) every couple of minutes. Depending on the observed features
of this time dependency, we suggest that this is the consequence of plasma instability
changing either the magnetic field or the electron density near the magnetospheric
generation region or due to modulation of the wave duct between the generation region
and the exit point in the ionosphere.
The spatial movement of the exit point of chorus was observed for three simultaneous
emissions at ATH and FVM. Even though we could not conclude in a general drift
motion of the ionospheric exit point, we suggest that this movement can be affected by
smaller scale plasma processes near the source region. A statistical analysis of several
types of ELF/VLF waves at subauroral latitudes for a longer period of time, as well as
comparison with new satellite data, such as the EMFISIS instrument on board the
recently launched RBSP spacecrafts, will yield more insight into the characteristics of
the ELF/VLF emissions that were observed in this study.

Chapter 4
Statistics of VLF/ELF emissions at
subauroral latitudes
4.1

Introduction

To date, studies on ELF/VLF waves, from both the ground and satellites, usually
concentrate on only one type, often chorus, studying their long-term solar cycle
variations or the influence of geomagnetic storms and thus, enhanced relativistic electron
fluxes in wave power and occurrence (e.g., Smith et al., 2004a,b). Long-term statistical
analyses on the ground include Golden et al. (2011) on chorus and hiss emissions using
10 years of data at low magnetic latitudes at Palmer (L = 2.4) in Antarctica and
Spasojevic (2014) on chorus data during geomagnetic storms at Palmer and South Pole
(L > 9) stations. Despite including some influence of geomagnetic parameters, neither
of these studies takes into account QP emissions, usually studied separately (e.g.,
Engebretson et al., 2004; Smith et al., 1998), nor the influence of solar wind parameters
(i.e., speed, density, and flow pressure). It has been suggested that solar wind velocity
can play a crucial role in relativistic electron fluxes at geosynchronous orbit, hence
influencing wave-particle interactions at the origin of ELF/VLF emissions in the
magnetosphere (e.g., Thorne et al., 2013). Miyoshi and Kataoka (2008) have suggested
that during high-speed coronal hole streams, continuous injection of hot electrons
combined with slow recovery of the plasmasphere would generate continuous chorus
waves near the plasmapause and consequently continuous acceleration of relativistic
electrons. There are no previous studies at subauroral latitudes that include all of
the ELF/VLF emission types previously mentioned, particularly taking into account
occurrence rate and dependence on solar wind and geomagnetic parameters. In this
chapter, we investigate statistical characteristics of several types of ELF/VLF waves
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including chorus, QP, and hiss, observed at subauroral latitudes, and their dependences
on local time, geomagnetic activities and solar wind parameters.

4.2

Observations

We present a 1-year statistical analysis of several types of ELF/VLF emissions that
include chorus, hiss, and QP emissions. Using frequency-time spectra in both 10-minute
and 24-hour formats, we visually inspected the ELF/VLF spectra from ATH, from
November 1, 2012 to October 31, 2013. This period coincides with a moderate to
high solar cycle activity. We visually analyzed 8760 hours of usable data, finding a
total of 347 occurrences, lasting from tens of minutes to several hours, totaling 5826
hours of spectral data showing ELF/VLF waves from the magnetosphere. Following
several criteria described below, we binned the observed emissions by MLT hour and
normalized each bin by the total number of usable hours of data for each MLT range.
We then proceeded to calculate the occurrence rate of all the ELF/VLF emissions
observed at ATH as a function of seasons, AE, Dst and emission type.

4.2.1

Statistical data set: event selection criteria

We visually inspected spectral data for a one-year period and took into account any
ELF/VLF event that followed the criteria detailed below:
(1) Clear emissions, not obscured by noise or strong lightning activity, distinctly
distinguished from the background.
(2) Emission characteristics clearly visible (e.g., discrete elements, quasi-periodical
features)
(3) Minimum intensity of ∼2×10−5 pT 2 /Hz, corresponding to the minimum value
at which we can distinguish the emission from the background through visual
inspection.
(4) Background noise levels in the 1 to 5 kHz band at least one order of magnitude
below the minimum intensity.
An example of the type of emissions that have been taken into account in this data
set is given in Figure 1.3. In the four panels, from top to bottom, we show a clear
chorus emission with visible rising tones and discrete elements, broadband hiss mixed
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with chorus elements, a clear QP emission with ∼30 s periodicity and finally, chorus
accompanied by a BP. We define an occurrence as any type of emission that has a
starting and ending time in the unit of hours. For any given one-hour time frame, if
we see an emission, independently of its duration, we count it as one occurrence. Thus
an occurrence can have several characteristics (e.g., hiss band mixed with chorus or a
QP emission) and multiple occurrences can happen in one day with similar or different
features (e.g., hiss in the morning and a QP emission in the afternoon). For every
occurrence, we noted frequency range, central frequency, duration and type. We also
noted any interesting characteristics, such as simultaneous emissions (multiple frequency
bands observed in the same time frame), particular structures (e.g., Bursty-patches
above 4 kHz) or any other unusual feature.

4.2.2

Seasonal dependence of occurrence rates

The yearly occurrence rate of all emissions observed in ATH as function of MLT is
shown in Figure 4.1. The blue curve in panel (a) indicates the number of usable data
per MLT hour bin (right axis), the maximum possible for each bin being 365. It is
worth mentioning that background noise due to lightning activity close to ATH is
generally higher during summer, particularly in the early morning and late night sectors.
The ratio of the number of usable hours of data to the total possible number of hours
is shown on the top right corner of each panel.Figure 4.1a shows a clear maximum
occurrence rate of ∼40% at 06–07 MLT that slowly decreases as ATH advances into the
afternoon, with the lowest values occurring close to midnight. Usually, occurrence rates
for ELF/VLF emissions are significantly higher in the early morning sector compared
to dusk and night times, since VLF/ELF generation is linked to electron-cyclotron
instability associated with hot electrons injected from the plasma sheet then drifting
to the dawnside (e.g., Meredith et al., 2001; Miyoshi et al., 2013).
Figures 4.1b-e show the occurrence rate as a function of seasons and MLT. We
have defined the seasons as: Winter - November to January 2013 (Figure 4.1b), Spring
- February to April 2013 (Figure 4.1c), Summer - May to July 2013 (Figure 4.1d)
and finally Fall - August to October 2013 (Figure 4.1e). The ratio of the number of
usable hours of data to the total possible number of hours and average AE index for
all seasons is shown on the top right corner of each figure. Similarly to overall yearly
occurrence, we observe highest rates in the morning sector which gradually decrease
as ATH moves into the dusk and night sectors. However, in some cases there is a
secondary occurrence peak: in the night sector for winter (15% at 22 MLT) and fall
(20% at 19 MLT) and in the afternoon sector for summer (34% at 13 MLT). Winter
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Fig. 4.1 Occurrence rates for ELF/VLF emissions observed at ATH from (a) November 01,
2012 to October 31, 2013 as a function of MLT and other parameters: (b-e) seasons, (f-h)
AE index and (i-j) Dst. The blue curve in (a) shows the number of usable data per MLT
hour bin (right blue axis).
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shows the lowest occurrence rates overall, with rates distributed more evenly in MLT
and reaching up to 25% at 04 MLT. Spring also shows more distributed rates over
MLT but with a maximum value of 45% at 07 MLT. Fall shows similar maximum rates
with a sharper decrease after 12 MLT. Finally, summer shows the highest occurrence
rate overall, 55% at 07 MLT, however we note that average AE index is much higher
for summer and spring compared to winter and fall.

4.2.3

Geomagnetic activity dependence of occurrence rates

To study how the occurrence rate of ELF/VLF emissions at subauroral latitudes is
affected by ongoing substorm activity, we defined three activity levels: low (AE < 100
nT), moderate (100 < AE < 300 nT) and strong (AE > 300 nT). Figures 4.1f-h show
the occurrence rate for these three categories as a function of MLT. As in the previously
discussed cases, maximum occurrence rate is in the morning gradually decreasing as
ATH enters the afternoon. In periods of low magnetic activity, Figure 4.1f, rates
remain below the maximum of 21% at 06 MLT. Occurrence seems to be more evenly
distributed in MLT than for other substorm activity times and there is a secondary
peak of occurrence (∼4–5%) in the night sector from 19 to 22 MLT. As the substorm
activity increases, we see higher occurrence rates particularly from 04 to 09 MLT. In
the case of moderate activity, Figure 4.1g, rates reach a maximum of 43% at 09 MLT
and for strong activity, the overall highest values of 64% at 06 MLT.
A similar analysis was done by separating the emissions as a function of Dst
(disturbance storm time index). The period in which we did this study, mostly during
2013, was particularly quiet and thus we defined the storm activity as follows: low
(Dst > -10 nT) and high-moderate (Dst < -10nT), in Figures 4.1i and j respectively.
As in previous cases, we see maximum occurrence in the morning with a minimum
in the late afternoon to night sectors. During quiet times, as shown in Figure 4.1i,
the occurrence peak reaches its maximum close of 22% at 06-07 MLT. Similar to low
substorm activity, we see the occurrence rates more evenly distributed in MLT. As for
high-moderate times, the occurrence gradually increases to a maximum of 57% at 07
MLT.

4.2.4

Occurrence rate of mixed emissions

As is usual in ground station observations, in the majority of cases several types of
ELF/VLF waves are detected simultaneously at ATH. This means that during a single
occurrence we observe several mixed or overlapped emissions. Thus for each detected
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event, we have noted the type(s) of emission observed per unit of hour. In essence, for
any particular MLT hour we can have the following types (Helliwell, 1965):
(i) Hiss, unstructured band-like emission.
(ii) Chorus, visible discrete elements.
(iii) QP, showing periodic modulation.
(iv) Risers or rising tones with no discrete elements visible in the main band.
(v) Bursty-patches (BP), short-time-scale bursty emissions (Shiokawa et al., 2014).
(vi) Multiple bands, emissions observed simultaneously at different frequencies.
(vii) Other, any type of emission not described above
The occurrence rates for these mixed emissions are shown as a function of MLT
in Figure 4.2. Once more, we observe a clear maximum occurrence in the morning
sector with values between 2.8 and 3.6%, with the rate gradually decreasing down to
0.2–0.8% in the late afternoon and night sectors. Hiss, in dark blue, seems to be the
predominant emission type with higher rates overall, followed by chorus represented by
the light blue line (0.5 to 1% lower) and then by QP (1% lower) shown in light green.
We note that the values observed in this case are much lower than those of Figure 4.1
since we are taking into account only approximately 30% of the emissions in which we
could clearly identify their type.
In some cases when broadband hiss was observed, we see risers appear at the high
frequency part of the main band. However, because of noise or lack of intensity of the
emission we cannot confirm the presence of discrete elements in the main band, usually
indicative of an overlapped chorus emission. As a consequence, we are sometimes
unable to confirm if these risers are the result of broadband hiss mixed with chorus
and as such we plot them separately as a blue dashed line. In this case we observe a
more even distribution of the occurrence rates as a function of MLT with a peak at
0.8% at 07 MLT.
Figure 4.2b shows multiple bands and BP occurrence rates as orange and blue
dotted lines, respectively. Their occurrence rates show similar tendencies: a peak in the
morning, mainly from 04 to 09 MLT, then a slow decrease in the afternoon, gradually
reaching their lowest rates after dusk. We also note that during the morning peak
multiple bands are almost twice as likely to be detected.

4.2 Observations

51

Fig. 4.2 Occurrence rates for ELF/VLF emissions observed at ATH from November 01,
2012 to October 31, 2013 as a function of MLT, for (a) mixed and (b) single-type emissions.

Occurrence for single-type emissions
The overlapping of emissions mentioned previously makes it difficult to identify and
separate the types of waves we are observing. Considering we are taking into account
several types of emissions at the same time, we do not obtain any significant information
about the variations of the occurrence rate per type of emission. However, in close
to 30% of the 347 cases detected, a single-type emission was observed during a single
occurrence. Thus, using these single-type cases, we separated ELF/VLF emissions by
type as follows:
(i) Hiss : broadband hiss with no discrete elements.
(ii) Chorus: discrete elements and/or any type of risers without hiss broadband.
(iii) QP: any type of periodicity between 10 seconds and up to 2 minutes.
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The results of the yearly occurrence rate for all the emissions described above are
shown in Figure 4.2b as a function of MLT. The occurrence rates of chorus, in light
blue, show a clear peak in the morning sector at 07 MLT with a maximum value of
1.7%. As ATH moves into the afternoon, the rate decreases rapidly in the pre-midnight
sector. The dark blue line shows the occurrence rate of single-type hiss emissions,
which appear to be more evenly distributed in MLT and with a peak of occurrence at
05–07 MLT. The lowest occurrence rate overall is observed for single-type QP emissions,
in green, barely reaching a maximum value of 0.3% at 13 MLT. QP emissions appear
to be detected mostly in the late morning to early afternoon, between 08 and 14 MLT.
In Figure 4.2b, there seems to be a clear difference in occurrence rates depending on
the type of emission we consider: in the morning sector, more than half the detected
emissions are chorus waves. As we approach 13–14 MLT the occurrence rates of all
emissions become similar but after 14 MLT the rate for QP emissions decreases while
the other two remain similar until the night sector. In all circumstances, QP emissions
have the lowest occurrence rate compared to the two other emissions, and have an
occurrence peak shifted to 13 MLT.

4.2.5

Central frequency variations

Figure 4.3 shows the average central frequency variations as a function of (a) AE
and (b) Dst spread in MLT for all ELF/VLF emissions observed during a one-year
period at ATH. The dark grey lines in both panels indicate the averaged 0.5 fce of
electrons calculated at the magnetospheric equatorial plane of the L-shell of ATH
using Tsyganenko model T01 (i.e., Tsyganenko, 2002a,b). In Figure 4.3b, using real
parameters obtained from the OMNI database during the time the emissions were
observed, we calculated the average value of the equatorial magnetic field with T01
and obtained the corresponding averaged 0.5 fce of electrons. Using the same method
we also calculated the 0.5 fce of electrons taking into account the real Dst values for
low (Dst > -10 nT) and high-moderate (Dst < - 10 nT) storm activity periods, dashed
and dotted lines respectively.
In all cases, independent of AE or Dst values, the observed central frequencies are
1 to 3 kHz below the 0.5 fce reference given by the Tsyganenko model. In the pre-dawn
sector, central frequency variations as a function of the AE index in Figure 4.3a, show
only minor differences between the three lines representing low (green), moderate
(blue) and strong (purple) substorm activities. After 06 MLT, the central frequency
rises slightly but only during low activity times (AE < 100 nT), for moderate and
strong activity times (AE>100 nT) the variations remain largely unchanged. As ATH
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enters the dusk sector we see larger differences between the central frequencies: in the
late afternoon the central frequency rises for low and strong activity but decreases
for moderate activity. The frequency as a function of Dst, in Figure 4.3b, shows
comparable variations. In the morning and early afternoon both lines corresponding to
low (yellow) and high-moderate (red) storm activity follow a similar progression, with
the exception that the central frequency during quiet times shows a slightly higher
value (about +0.2 kHz). The frequencies for quiet and active times deviate from one
another as ATH reaches dusk, much like when the dependence on the AE index was
examined. While the frequency for low storm activity remains quite stable around 2.2
kHz, the frequency for high-moderate activity decreases at 16 MLT, then rising until 4
kHz at midnight.

Fig. 4.3 Central frequency variations for ELF/VLF emissions observed at ATH from
November 01, 2012 to October 31, 2013 as a function of AE index and Dst. Dark grey lines
show the half gyrofrequency calculated at the equator for the field line of ATH (L=4.3) with
Tsyganenko model T01 (Tsyganenko, 2002a,b)
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Frequency bandwidth variations

Figure 4.4, in the same format as Figure 4.3, shows the average frequency bandwidth
variations as a function of AE (a) and Dst (b) spread in MLT for all the emissions. For
all cases, bandwidth values generally fluctuate between 1 and 3 kHz, but mainly remains
centered close to 2 kHz. Bandwidth as a function of AE in Figure 4.4a shows that the
variations remain fairly constant in the morning sector. After 10 MLT, bandwidth
values separate further, particularly for the times of strong activity (AE > 300 nT). In
Figure 4.3b, bandwidth values for both quiet (Dst >-10 nT) and active (Dst <-10nT)
times are close together except for the early afternoon (10–16 MLT) and the late night
(19–23 MLT) sectors.

Fig. 4.4 Frequency bandwidth variations for ELF/VLF emissions observed at ATH from
November 01, 2012 to October 31, 2013 as a function of AE index and Dst.
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Influence of solar wind parameters

Reeves et al. (2003) found that about half of geomagnetic storms enhance relativistic
electron fluxes in the radiation belts and that close to 20% decrease these fluxes, with
the remaining storms having no particular influence. To understand the mechanisms
that can influence the electron fluxes in the belts, it is important to take into account
solar wind parameters, particularly speed, density, flow pressure and IMF–Bz. These
parameters are believed to be the most effective in regulating electron populations in
the magnetosphere and thus should influence ELF/VLF emissions observed at ground
stations. Consequently, we take into account solar wind parameters by making shortand long-term superposed epoch analyses where we calculate the averaged values of
these parameters for hours and days, before and after the time in which we start
observing the emissions in ATH (t0 ).
Short-term influence
Figure 4.5 shows the superposed epoch analysis of solar wind parameters 10 hours
before and after t0 . The starting time of the emissions is shown by the magenta dashed
vertical line. From top to bottom, panels (a) to (f) show: solar wind speed, solar
wind proton density, flow pressure, IMF–Bz, AE and SYM-H averaged variations. The
averaged mean value of the standard deviation (σ) and the 95% confidence interval
(C95 ) for each parameter is shown on the bottom right corner of each panel. Most
of these parameters do not show any large variations that accompany the starting
time of the emissions, except for the AE index. As shown by Figure 4.5e, AE starts
slowly rising approximately 2 hours before t0 , reaching a maximum approximately
40 minutes afterwards and then slowly decreasing. However, even if the variations
remain small, panels (b), (c) and (f) show a slight decrease of the proton density and
flow pressure that starts around 3 to 4 hours after t0 , and that SYM-H also starts
decreasing approximately 4 hours afterwards.
Long-term influence
In order to understand if these parameters have a larger influence on ELF/VLF
emissions detected at ATH on a longer time frame, we have done a superposed epoch
analysis of the same parameters now considering 5 days before and after t0 . Figure 4.6
shows the results of this analysis in the same format as Figure 4.5.
On a longer timescale, we see clear variations in most of the solar wind parameters.
Just as in the short-time scale analysis, the AE index in panel (e) starts increasing
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Fig. 4.5 Short-term superposed epoch analysis for ELF/VLF emissions observed at ATH
from November 01, 2012 to October 31, 2013 showing averaged solar wind parameters 10
hours before and after the starting time of the emissions. From top to bottom: (a) solar
wind plasma speed, (b) proton density and (c) flow pressure, (d) IMF-Bz , (e) AE and (f)
SYM-H indices. Averaged standard deviation values for each parameter are shown on the
lower right corner of each panel.
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Fig. 4.6 Long-term superposed epoch analysis for ELF/VLF emissions observed at ATH
from November 01, 2012 to October 31, 2013 showing averaged solar wind parameters 5 days
before and after the starting time of the emissions. From top to bottom: (a) solar wind
plasma speed, (b) proton density and (c) flow pressure, (d) IMF-Bz , (e) AE and (f) SYM-H
indices. Averaged standard deviation values for each parameter are shown on the upper right
corner of each panel.
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almost 3 days before t0 . AE seems to reach its maximum value close to t0 and then
decreases up to 2 days afterwards. In panel (a), we can see that the solar wind speed
starts to slowly increase approximately 3 days before t0 . The speed keeps increasing
until it reaches a maximum value close to half a day after t0 , slowing down up to 5 days
afterwards. Panel (d), showing the variations of IMF–Bz values, shows a minimum that
seems to coincide with t0 . After this point, it rises slowly until approximately one day
after t0 , then remains steady for the next 4 days. Figures 4.6b and c, proton density
and flow pressure respectively, both show the same trend: relatively steady values
up to 5 days before t0 and then a rather sharp drop in their values approximately 6
hours afterwards. Eventually, both values slowly decrease and only start increasing
approximately 3 days after t0 , until they reach similar values to those observed during
the couple of days before the start time of the emissions.
Finally, Figure 4.6f shows the variations of SYM-H generally decreasing before t0
continuing to decrease up to 0.5 days afterwards, then increasing for up to 5 days later.
In general, the global minimum of SYM-H is close to t0 . We also note cyclic variations
with a period of approximately one day, the peak of this daily variation seeming to
coincide with t0 . Since ELF/VLF emissions have highest occurrence in the morning, if
SYM-H has a variation that depends on UT, then it can cause the one day periodicity
observed in Figure 4.6f.

4.3
4.3.1

Discussion
General occurrence rate at subauroral latitudes

We present a statistical analysis of ELF/VLF emissions observed over a one-year
period at subauroral latitudes at ATH. We calculated their occurrence rates, which
included chorus, QP and hiss, as a function of season, AE and Dst indices. We found
that independently of these parameters, ELF/VLF occurrence at subauroral latitudes
clearly shows high rates in the morning sector, generally from 04 to 08 MLT, and low
rates in the dusk and night sectors, usually after 18 MLT.
Previous studies mentioning occurrence and amplitude of chorus waves and/or hiss
at different locations have found comparable results. Studies of chorus in the inner
magnetosphere at close L-shells (L ∼ 5) of ATH (L=4.3) also show similar variations
with a peak of both chorus’ occurrence rate and amplitude in the morning sector (e.g.,
Green et al., 2005; Meredith et al., 2001). For example, using THEMIS, Li et al. (2011)
found a maximum occurrence rate in the morning sector (05–07 MLT) up to ∼20%,
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depending on chorus amplitude and lower- or upper-band. In this study, we found
maximum occurrence rates between ∼20–60%, depending on the substorm and storm
activity levels. These values seem to correspond with the rates obtained by Li et al.
(2011) for chorus waves originating at higher L-shells, above L > 7, suggesting that
the waves detected at ATH are incoming from higher latitudes.
It has been established that increased substorm activity is related to increased
wave growth in the magnetosphere (Meredith et al., 2001). Figures 4.1f to h, show
that during the morning and noon sectors (02–12 MLT) the occurrence rate increases
with increasing substorm activity, suggesting a clear relationship between ongoing
substorms and ELF/VLF wave generation. Additionally, during the dusk and night
sectors, occurrence rates for low substorm activity seem slightly higher than those for
moderate and strong activity.
The influence of substorm activity can also be seen during the seasonal variation of
the occurrence rates. We note that the average AE values during ELF/VLF events for
each season were, 157 nT for winter, 244 nT for spring, 295 nT for summer and 167 nT
for fall. Figure 4.1d shows that during summer we observe the highest occurrence of all
seasons (55%). This result could be related to a higher average AE value, almost twice
as high for summer than for wintertime when we observed the lowest occurrence rates
overall. However, we also see that during spring and fall, occurrence in the morning to
noon sector have similar values even though their average AE indices are almost 100
nT apart.
As for the seasons with lower average AE index, a secondary peak of occurrence is
more likely to appear in the night sector, suggesting that at times where ATH receives
less sunlight, ionospheric propagation of the waves might play a more important role
as we have an easier ionospheric propagation at times of less solar illumination.
For L=4.3 at Halley station, Smith et al. (2010) found that for emissions at 3
kHz, wave intensities at 07 MLT were higher during winter compared to summer time.
They also found that during summer, a lower amplitude peak of wave intensity was
instead located close to local noon. Figure 4.1d shows a secondary peak of occurrence
close to local noon at ATH (13 MLT). Contrary to ATH (GLAT=54.60◦ N), which
has day-night variations all year round, Halley (GLAT=75.58◦ S), at much higher
geographical latitudes, is permanently sunlit during the summer, resulting in a much
higher ionospheric attenuation. This suggests that trans-ionospheric attenuation of
ELF/VLF waves is an important factor to take into account in a statistical study.
Golden et al. (2011) studied the occurrence of hiss and chorus over a 10-year period
at the lower L-shell Palmer station (L=2.4). They found that emission occurrence
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maximized during the austral winter and minimized during austral summer, and that
it had a strong positive correlation with Kp and AE values. Even though ATH is
located at higher L-shells, we found that there is a clear correlation between ongoing
storm activity, through the Dst index, and occurrence rate, as shown in Figures 4.1i
and j. We see that occurrence rate increases with increasing storm activity, going from
a maximum of ∼20% up until almost 60%.

4.3.2

Occurrence rate per type of ELF/VLF emission

We found that, for single-type emissions, hiss and chorus have maximum occurrence in
the morning sector and are mainly observed between 04–14 MLT (Figure 4.1b). For
chorus waves, this is in agreement with previous satellite measurements that found
maximum rates and wave intensity for 4 < L < 7 between 06 and 14 MLT (e.g.,
Agapitov et al., 2011; Meredith et al., 2001). However in the case of hiss, the main
occurrence, for 3 < L < 5 in the inner magnetosphere, was found to be slightly later,
between 11–19 MLT (e.g., Agapitov et al., 2011; Green et al., 2005). Usually, the
ELF/VLF emissions detected at ATH are overlapped or mixed, therefore this timing
difference could be due to the fact that we are not able to observe single type emissions
consisting of only hiss in the afternoon sector. If we take into account mixed emissions in
the dayside, hiss occurrence is higher than chorus. According to nonlinear wave growth
theory, smaller geomagnetic field inhomogeneity is directly related to the amplitude
threshold that triggers chorus emissions. A reduced magnetic curvature in the source
magnetosphere leads to smaller inhomogeneity of the magnetic field along the field
lines and thus excites broadband hiss-like emissions with comparable amplitudes of
chorus, as proposed by Katoh and Omura (2013) and supported by observations of
storm sudden commencement chorus emissions by Shiokawa et al. (2014). The higher
occurrence rate for hiss in the dayside shown in Figure 4.1a may be caused by smaller
geomagnetic field inhomogeneity on the dayside magnetosphere.
In the case of QP emissions, we found occurrence rates 3 to 5 times lower than for
the previous two emissions and mostly between 8–14 MLT. If we compare single-type
QP occurrence rates in Figure 4.1b with mixed-type rates in Figure 4.1a, we can
suggest that QP is rarely detected as single-type emission at ATH and is usually mixed
with either chorus or hiss, or both. Occurrence times observed at ATH correlate with
previous studies that found that QP events are mainly a dayside phenomenon (e.g.,
Engebretson et al., 2004; Hayosh et al., 2014; Sato et al., 1974; Smith et al., 1998). We
also found that contrary to hiss and chorus, the peak occurrence of single-type QP
emissions is close to 13 MLT. This result may be related to compressional ULF waves
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from the dayside magnetosphere. It could also be the consequence of an off-equatorial
source (>15◦ from the magnetospheric equator), since it has been reported that chorus
from higher L-shells (L>8) has a maximum occurrence rate close to noon (Pope, 1960).
From Figure 4.1b, we suggest that multiple bands are just as likely to be detected
at ATH as single-type chorus emissions and have a maximum occurrence at 07 MLT.
We did not observe any case of multiple bands from 17 to 01 MLT. If they correspond
to several types of emissions observed on top of each other at different frequencies,
it would mean that simultaneous multiple waves have lower chances of reaching the
ground in the dusk/night sectors. In the morning sector, the duct in the ionosphere
appears to be favorable to the propagation of several types of waves at the same
time. If these waves have different sources, we suggest that during the morning time
the possibility of several ducts separated on different magnetic flux tubes is more
likely and thus propagation through ducts is more prevalent at this time. On the
other hand, these multiple bands could also correspond to the upper and lower band
frequencies of whistler mode waves. Ground stations usually detect the lower band
which is more likely to propagate through from the magnetosphere. However if we are
indeed observing both frequency bands then we can suggest that the upper band is
even more unlikely to propagate in the afternoon/night sectors.
Figure 4.1b shows occurrence rate of BPs, short-time burst-like emissions usually
centered at or above 4 kHz lasting up to several minutes, when observed with accompanying emissions. Even if their duration is much shorter than that of chorus or hiss,
we observe similar occurrence rates, suggesting that a relationship may exist between
these types of emissions. In addition, when BPs were observed alone (not pictured in
Figure 4.1), we found that they are mainly seen between 8 and 12 MLT suggesting that
their detection at ATH might be affected by a similar phenomenon affecting single-type
QP emissions.

4.3.3

Frequency variations

As shown in Figure 4.3, in all cases of low, moderate and strong geomagnetic activity
the central frequency was usually 1 to 3 kHz lower than the expected value obtained by
the T01 model. Taking into account that wave frequency within the ionosphere wave
guide is constant, detecting lower frequencies could be related to a source at higher
latitudes. If we assume that ELF/VLF emissions are propagating in the lower-band,
below 0.5 fce , the observed central frequency at ATH will be usually below this value,
between 1 to 4 kHz. Figure 4.3 suggests that very few waves are propagating near 0.5
fce at L < 4.3, thus ATH is generally detecting ELF/VLF waves generated at higher
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L-shells that then propagate inward as they travel from their generation region to the
ground. This result is consistent with the idea of chorus occurrence outside of the
plasmapause.
We also observed that before noon, the central frequencies for low to strong substorm
activities follow a similar trend and have similar values. As ATH enters the afternoon
we start seeing more and more disparity in these values. We observe similar changes
for the central frequency as a function of storm activity. This could be the result of the
low occurrence rates of ELF/VLF emissions during this particular time interval. This
reduction of frequency might also be caused by the duskside bulge of the plasmapause,
suggesting that the L-shell of the source region moves outward. Additionally, the
error bars give us the frequency range of the ELF/VLF emissions observed at ATH,
showing waves up to the local 0.5 fce and perhaps an indication of the movements of
the plasmapause.
In Figure 4.4, we calculated the variations of the bandwidth of all the ELF/VLF
emissions observed at ATH. Just as for the central frequency, in the morning all curves
have similar trends but they start showing discrepancies after noon. These results
indicate that magnetic activity does not seem to be one of the factors influencing the
bandwidth of ELF/VLF emissions at subauroral latitudes, which remains close to 2
kHz. This value corresponds to approximately 0.2–0.25 fce , the local gyrofrequency
given by T01.

4.3.4

Influence of geomagnetic and solar wind parameters

During periods of enhanced magnetic activity, fluxes of whistler mode waves increase
outside of the plasmasphere. Smith et al. (2004a) reported that during the main phase
of magnetic storms, whistler mode chorus are enhanced, with an increase in chorus
intensity. This phenomenon has also been observed by previous studies of chorus and
hiss emissions in the generation region in the equatorial region of the magnetosphere
(e.g., Aryan et al., 2014; Golden et al., 2011). Additionally, Hayosh et al. (2014) found
that in the case of QP emissions detected by the DEMETER satellite, the majority of
events usually occurs after periods of increased magnetic activity. However, they do
not mention the influence of magnetic activity in wave occurrence rates on the ground
for all of these types of emissions at subauroral latitudes. In our study, we found that
there is a clear relationship between the occurrence rates on the ground and ongoing
substorm and storm activity, as illustrated by Figure 4.1. Using a superposed epoch
analysis shown in Figure 4.5, we found that AE index starts rising approximately one
hour before we start detecting emissions at ATH (t0 ). This increase is also seen on
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the long-term superposed epoch analysis in Figure 4.6. Moreover, t0 seems to coincide
with the local minimum of SYM-H and IMF-Bz values. These results suggest that
magnetic activity, particularly substorm activity during the recovery phase of storms
may influence wave generation providing the seed population necessary for ELF/VLF
wave generation in the source region.
We found that solar wind speed slowly increases a couple of days before t0 and
that solar wind density and flow pressure decrease up to several days after t0 , although
the standard deviation is larger than these variations. These parameters affect local magnetic field and plasma density that control the resonant conditions that, in
turn, regulate whistler mode wave growth. Thus we suggest that high speed solar
wind conditions are also a factor contributing to wave generation and their detection
at subauroral latitudes. Miyoshi et al. (2013) found that during high-speed solar
wind streams events combined with IMF-Bz pointed southwards, whistler mode wave
generation is increased and almost continuously enhanced, therefore creating larger
flux enhancements. Despite this, the combination of highly compressed plasmapause
and increased convection at these times might also decrease the ducting capabilities
reducing the wave propagation to the ground. Using the definition of high speed solar
wind given by Lindblad and Lundstedt (1981) we found that only about 12% of the
total events observed correspond to high speed solar wind conditions, suggesting a
more in detail study of the relationship between ELF/VLF emissions and solar wind
speeds is required.

4.4

Conclusions

We have analyzed in this chapter, a year of data of several types of ELF/VLF emissions
at subauroral latitudes, including chorus, hiss and QP. We have taken into account
the influence of seasonal variations, AE and Dst indexes and emission type as well as
geomagnetic and solar wind parameters. We found that ELF/VLF emissions have a
maximum occurrence rate in the morning sector and lowest in the dusk/night sector,
in agreement with previous studies at similar L-shells from satellite measurements in
the inner magnetosphere.
Occurrence rates of ELF/VLF emissions on the ground are correlated with ongoing
substorm and storm activity, confirming the importance of these parameters in wave
generation and propagation. They also seem to correspond with rates found at
higher L-shell values (L > 7) measured at the generation region of the waves in the
magnetospheric equatorial plane. Additionally, central frequency of the waves at ATH
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can be up to 3 kHz lower than values given by Tsyganenko model, further suggesting
that we are observing emissions coming from a higher L-shell source. The central
frequency and bandwidth of ELF/VLF waves at subauroral latitudes does not seem
to be affected by geomagnetic activity. In the case of mixed emissions, we found a
comparable number of occurrences for hiss, chorus and QP. As for single-type emissions,
chorus has the highest rates, hiss is more evenly distributed in MLT and QP emissions
have an occurrence peak at 13 MLT.
From a superposed epoch analysis, we found that wave detection at ATH seems to
be influenced by short- and long-term substorm activity on a timescale from 2 days
up to one hour before we start observing ELF/VLF emissions on the ground. On
longer timescales, solar wind and geomagnetic parameters influence wave detection at
ATH. The starting time of the emissions coincides with local minimum of IMF-Bz and
SYM-H, and is accompanied by an increase of solar wind speed and pressure several
days before. This suggests that high-speed solar wind conditions also influence wave
generation.

Chapter 5
Ground-satellite conjugate
observations on propagation of
ELF/VLF waves: A case study
5.1

Introduction

Since the 1950’s, there have been several experiments and theoretical studies on ELF
and VLF wave propagation, as comprehensively reviewed by Barr et al. (2000). Even
though waves can propagate over long distances, they are believed to still contain
information regarding their emission and generation mechanisms. Therefore by using
the characteristics of ELF/VLF waves in remote locations we can try to deduce the
properties of wave/particle generation mechanisms. Using the POLAR/PWI wide-band
receiver, Lauben et al. (2002) found that the propagation of chorus waves can remain
parallel to the geomagnetic field lines, indicating that even in the absence of field-aligned
cold plasma density enhancements, there are sufficient favorable conditions for wave
particle interactions. Using simultaneous observations made by four Cluster spacecraft
near the geomagnetic equator during a geomagnetically disturbed period, Santolik et al.
(2003a) analyzed the propagation and time-frequency properties of nighttime chorus.
They found a similar propagation direction from observed time-frequency delays and
from Poynting flux calculations based on electric and magnetic measurements. Using
ray tracing analysis, Chum and Santolík (2005) and Santolik et al. (2006) studied the
trajectories of chorus waves propagating obliquely and the possibility of divergence
of the wave normal angle during these trajectories. They found that deviation of the
initial wave vector from the magnetic field line can determine if the wave is more likely
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to reach the ground or be reflected into the plasmasphere, contributing to plasmaspheric
hiss, or into the magnetosphere. None of these previous studies of ELF/VLF wave
propagation observed by satellites compared their observations with ground-based
measurements.
Recently, Titova et al. (2015) reported a conjugate quasi-periodic (QP) event,
during a substorm, between the ground station of Kannuslehto, Northern Finland
(L=5.3), and RBSP-A, using wave measurements to calculate the probable location
of the source of the emission (at L ∼4) and concluded that the slow variations in
frequency range and drift are of a temporal nature. They focused particularly on the
characteristics of the source region and on the evolution of the energy and pitch-angle
of the energetic electrons observed simultaneously on board RBSP-A, and did not
discuss the propagation properties of the observed QP emission.

5.2

Data set

Using a database of ELF/VLF emissions observed at ATH, from November 1, 2012 to
October 31, 2013, shown in Chapter 4, we compared the waves observed on the ground
with those observed in the magnetosphere by the RBSP-A and RBSP-B satellites.
During a one-year period, ATH observed a total of 347 ELF/VLF emissions, with 77
cases of which the footprints of RBSP-A and/or B were located within 1000 km from
ATH. These possible conjugate cases were found using the Conjunction Event Finder by
Miyashita et al. (2011). Among these cases, 66 events (85%) show ELF/VLF emissions
in both locations, ATH and RBSP-A or B. However, only 8 events showed similar
emission types between the satellite and the ground, and in particular, only a single
case, observed on February 25, 2013, showed the same spectral and frequency features
both in ATH and RBSP-A. The other 7 cases show different frequencies, usually with
the satellite seeing the emission at lower frequencies than ATH with differences up to
2 kHz.

5.3
5.3.1

Observations
Conjugate event

From 12:46 to 13:39 UT on February 25, 2013, a clear quasi-periodic (QP) emission
centered around 4 kHz was observed simultaneously at ATH and by RBSP-A. Figure 5.1
shows a 10-minute interval from 13:00 UT to 13:10 UT during this conjugate event.
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The power spectral density (PSD) from 0 to 5 kHz as seen by the receiver at ATH is
shown in Figure 5.1a and as seen by the EMFISIS wave instrument on board RBSP-A
(survey mode) in Figure 5.1b. Bu, Bv and Bw are the magnetic field components in the
UVW scientific coordinate system aligned to with EFW booms of the satellite, with w
being the spin axis (Kletzing et al., 2013). Both figures show the emission centered at
∼4 kHz with a periodicity of 25–40 seconds and with a one to one correspondence of
the QP elements. We note that the wave intensity at ATH is approximately 1 to 2
orders of magnitude stronger compared to RBSP-A. A polarization analysis showed
that the emission at ATH was strongly right hand polarized, and thus directly incoming
from the ionosphere without reflection. At the time of the event, Pc 4–5 geomagnetic
pulsations were observed on the rapid-run magnetograms (4 s averages) from the
induction magnetometer (64 Hz sampling) located at ATH, suggesting this to be a
type 1 event.

Fig. 5.1 Power spectral density of the QP emission observed on February 25, 2013 from
12:46 to 13:39 UT. Panels (a) and (b) show a 10-minute snippet of the QP observed at ATH
and RBSP-A (survey mode), respectively.

Figure 5.2 gives the geographic location of ATH (red triangle) and the footprint of
RBSP-A (blue line) during the conjugate event. At the closest point, corresponding
to 12:46 UT, both locations were separated by approximately 300 km and at the
farthest point, at 13:39 UT, by 1270 km. During the event, ATH and RBSP-A were
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Fig. 5.2 (a) Map showing the location of the ground station of ATH (red triangle) and
the footprint of RBSP-A (blue line) at the moment of the conjugate event. The location of
RBSP-A in the magnetosphere is shown in panels (b) and (c).

on the dawnside. Figures 5.2b and c give the position and direction of RBSP-A (blue
line) during the conjugate event from 12:46 to 13:39 UT as function of the Geocentric
Solar Magnetospheric (GSM) coordinate system. Figure 5.2b shows the meridional
plane while Figure 5.2c shows the equatorial plane. RBSP-A was located inwards
(L=3.65) from the field line of ATH (L=4.3) and approximately 11 degrees north of
the geomagnetic equator. The position of ATH is marked by a red triangle in both
figures: both the ground station and the satellite were on the dawnside. Using the
frequency of the upper hybrid resonance provided by the EMFISIS HFR (not shown)
we determined that RBSP-A was passing through or inside of the plasmaspause at the
time of the observation.
The intensity of the event triggered RBSP-A to capture 54 seconds of continuous
waveform burst mode providing high time resolution samples from all three axes of
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magnetic field sensors. Figure 5.3 shows the resulting PSD calculated from the (a)
EMFISIS waveforms and from (b) ATH data, for frequencies between 3 and 5 kHz, for
a total observation period of 60 seconds. On both figures, we observe the same QP
element spanning approximately 30 seconds and centered at 4.1 kHz. We note that
there is another emission at higher frequencies, a short pulse (SP) lasting less than a
second, between 4.5 and 5 kHz, that is also visible at both locations. This pulse can
be seen at approximately the 51 second mark for RBSP and at the 52 second mark
for ATH, as indicated by the magenta arrows. The SP does not seem to be a whistler
from lightening, since there is no frequency dispersion. It could possibly be a triggered
emission but we are unable to speculate on its origins at this time. However we are
interested in the fact that it was detected at both locations together with the main
QP emission, improving the validity of the propagation analysis.

5.3.2

Propagation analysis

Using the electric and magnetic field components from the continuous burst data and
initial intensity of the magnetic field (B0 ) from the flux gate magnetometer of the
EMFISIS instrument we made a wave propagation analysis. We found that both the
QP and the SP shared the same characteristics: both were right hand polarized and
had a planarity close to ∼25% (not shown for brevity). Figure 3c shows the results
⃗ 0 , giving an indication of the wave
of the angle between the Poynting vector and B
propagation when it encountered RBSP-A. We calculated the Poynting vector from
the EB cross spectra as described by Santolik et al. (2001). We note that the gap
shown in this figure around 4 kHz is due to an interference line in the electrical field
data measurements used to determine the Poynting flux. Both the QP element and
the SP are in blue indicating that the Poynting vector is parallel to the magnetic field,
meaning earthwards towards the northern hemisphere. Figure 5.3d shows, in the same
⃗ 0 , with θBk = 0◦ for both parallel
format, the angle between the wave vector ⃗k and B
⃗ 0 . We estimated the wave vector from
and anti-parallel directions with respect to B
the SVD of the spectral matrices as detailed in Santolik et al. (2003b). The QP shows
a wave angle close to θBk = 40◦ ∼ 50◦ with slightly lower values for SP. This is in
agreement with previous results suggesting that as the wave gets farther away from
⃗ 0 direction reaching oblique
the source, the wave vectors gradually deviate from the B
angles of up to 60◦ at ±10◦ above and below the magnetic equator (e.g., Santolik
et al., 2003a). We would like to note that even though survey mode data was available
between 12:55 UT and 13:40 UT, the QP are very weak thus we have decided to
concentrate on the Poynting and wave vector information from the burst mode.
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Fig. 5.3 One minute close up of a QP element observed on February 25, 2013 from 13:00 to
13:01 UT, showing spectra at (a) ATH and (b) RBSP-A (54 seconds of burst mode), as well
as (c) Poynting and (d) wave vector angles.
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To have more information on wave propagation from the magnetosphere to the
ground, we performed a cross-correlation analysis of wave intensities at fixed frequencies
between ground and satellite, which allowed us to estimate the degree of correlation
between the signals from ATH and RBSP-A as a function of the time delay between
them, as shown in Figure 5.4. The maximum of the cross-correlation function gives
the time delay (lag) for which the two signals are the best aligned: the location of
the maximum of the correlation coefficient being positive (negative) means that ATH
(RBSP-A) saw the emission first.

Fig. 5.4 Example of a cross-correlation result for the (a) QP emission and the (b) short
pulse. The location of the maximum of cross-correlation gives the time delay values.

Since the signal from RBSP-A has a lower sampling rate of 35 kHz, we interpolated
both in frequency and time to match the 100 kHz sampling rate of ATH. In the case of
the QP element, we calculated the time delay by shifting the QP element for the (1) full
length of burst mode data and (2) only for the duration of the element. In both cases
we used a 100-Hz frequency box centered at 4 kHz and 4 .2 kHz, to calculate the wave
spectral instensities and then calculate the maximum value of the cross-correlation
coefficient using two separate methods: Spearman’s rank correlation and Pearson’s
linear correlation, as described in Section 2.4, using a similar approach as Santolík et al.
(2005). In case (1) we obtained a time delay of +2.13 to +3.77 seconds, for case (2) we
found +2.21 to 3.85 seconds. Figure 5.4a shows an example of the cross-correlation,
calculated using a 100-Hz box for 4 kHz, as a function of the time delay between the
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North-South magnetic field component at ATH and Bw component of RBSP-A, the
delay corresponding to the maximum correlation being indicated in the top left corner.
The maximum has a positive time delay in the case of the QP emission, suggesting
ATH saw the VLF emission before RBSP-A did. In the case of the SP, we made a
similar analysis using a 100-Hz frequency box centered at 4.85 kHz and 4.95 kHz, and
a time frame of 10 to 25 seconds comprising the entirety of the pulse. We obtained a
time delay of -3.16 to -3.30 seconds, using both Spearman and Pearson’s coefficients.
Figure 5.4 shows an example of the cross-correlation coefficient for the frequency box
centered at 4.85 kHz and a time frame of 25 seconds. Contrary to the results obtained
for the main QP emission, RBSP-A observed the SP before ATH.

5.4

Ray tracing

A QP emission was simultaneously detected for approximately 53 minutes by a VLF
receiver located in ATH and the RBSP-A spacecraft. This very rare conjugate event
showed the same spectral and frequency features in both locations and was accompanied
by a shorter emission, lasting less than a second and at higher frequencies, of unknown
source. The study of this conjugate event between ground and space has produced
interesting observational facts:
(1) Simultaneous observation of a QP emission accompanied by a short pulse
(2) Intensity of the emission detected by RBSP-A is 1 to 2 orders of magnitude lower
than the one detected at ATH
(3) Even if the QP and the SP are simultaneously observed at both locations, the
main QP emission was observed first by ATH but the SP was detected first by
RBSP-A.
Since the location of the origin of the SP emission is unknown, we decided to
concentrate on reproducing the propagation for the main QP emission by assuming
that the observed time delay can be explained by a single reflection of the emission
from an equatorial source. We consider two ray tracing simulations for the whistler
mode waves, the first one back traces the ray from ATH to its probable source location
in the geomagnetic equator and the second one follows the ray from the source to the
location of RBSP-A.
We assume that the trajectory of the wave is invariant to time reversal. In order for
the wave to penetrate the lower layers of the ionosphere, the back tracing starting point
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above ATH should be such that the wave vector ⃗k is approximately perpendicular to
the ground (Santolik et al., 2009). We also assume that the source of the QP emission
is located at the geomagnetic equatorial plane, thus the ending point of the back trace
is the intersection of the ray and the equatorial plane. The propagation from the
source to RBSP-A is calculated by assuming a symmetric source and by sending the
waves to the southern hemisphere with different initial ⃗k values. The trajectory for this
ray must have an ending point as close to the actual position of RBSP-A as possible,
meaning L=3.65 and a magnetic latitude of 10.3◦ but also has to reflect the time delay
calculations, meaning a group delay between 2.2 and 3.8 seconds.
Thus, the method will be to calculate two separate rays: (1) backtracing from
ATH to the equatorial source and (2) forward tracing from the source to the southern
hemisphere then reflection until we cross paths with the location of RBSP-A.

5.4.1

Diffusive Equilibirum model

We start with the simplest assumption that since we are confined to L < 5, we can
consider the perfect diplole model for the magnetic field and that the plasma density
distribution can be given by the standard Diffusive Equilibirum (DE) model (Schunk
and Nagy, 2009). The first results obtained using only these parameters gave unrealistic
paths and group delay values. Thus, the next step was to include a density profile
gradient by introducing a plasmapause. We based our preliminary calculations on
a plasmapause location model (V. Pierrard, BISAi, COST724) that indicated that
at 13:00 UT on February 25, 2013 the plasmapause was located at L∼4.8. We also
noted that the maximum Kp index in the previous 24 hours was of 1+, suggesting
that the plasmapause location could be further away from the Earth. Figure 5.5
shows the initial results for the ray simulations from ATH to the source, considering
a plasmapause centered at L=4.8 and 5.0 respectively with half-width values of 0.9,
1.2 and 1.5 Re , respectively. The path the waves follow is shown in red and has been
allowed to continue beyond the source for comparison purposes, the arrows indicate
the group speed with a constant step of 0.5 s, and the plasmapause is shown in dark grey.
The width of the plasmapause, noted in the figures as ∆L, reflects the slope of
the density profile: a smoother change of the density profile is achieved with a wider
plasmapause while a steeper gradient is represented by a narrow plasmapause. Even
though these simulations only take into account changes in the density profile gradient
and the position of the plasmapause, we can already observe that the results vary
greatly depending on the input parameters.

74

Propagation of ELF/VLF waves

Fig. 5.5 Several examples for possible ray paths between ATH and the source region in the
equatorial plane with changing plasmapause parameters using the Diffusive Equilibrium (DE)
model.

Following these initial results, we performed several simulations changing the central
location of the plasmapause between 4.0 < Lcentral < 8.0. For Lcentral < 6.0, the source
was found to be L < 3.3, but we need to consider waves propagating to the southern
hemisphere reflected inwards to the position of RBSP-A at L=3.65, thus these cases
were discarded. For Lcentral > 6.0, the source location remained roughly the same at
L∼ 4.8, even if the shape of the path was modified. We thus assumed an Lcentral = 6.0
and proceeded to modify the plasmapause half-width between 0.5 < L < 1.5 in order
to find the appropriate group velocity values, and found the best results for half-widths
of either L=1.0 or L=0.5. We then proceeded to fine tune the simulations by changing
the values of the plasma temperature to T =500, T =700 and T =800 K, respectively.
We summarize the results obtained in Figures 5.6 and 5.7, showing the different ray
paths (red) for Lpp =6±1.0 and Lpp =6±0.5, respectively. On top of each panel we note
plasma temperature T , group delay ∆T , location of the source at the equator (in km)
and the value of the resonance cone angle. We found that, even though the ray path
differed from case to case, the ending point remained globally the same, putting the
source of the emission at L=4.89, slightly higher than the L-shell of ATH (L=4.3) and
with final angle between the wave vector and the magnetic field line of θBk ∼ 57◦ .
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Fig. 5.6 Ray paths between ATH and the source region for a plasmapause located at
L=6.0±1.0 for plasma temperatures of (a) 500, (b) 700 and (c) 800 K.

Fig. 5.7 Ray paths between ATH and the source region for a plasmapause located at
L=6.0±0.5 for plasma temperatures of (a) 500, (b) 700 and (c) 800 K.
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Fig. 5.8 Ray paths between the source region and RBSP-A (and beyond) for a plasmapause
located at L=6.0±1.0 for plasma temperatures of (a) 500, (b) 700 and (c) 800 K.

Fig. 5.9 Ray paths between the source region and RBSP-A (and beyond) for a plasmapause
located at L=6.0±0.5 for plasma temperatures of (a) 500, (b) 700 and (c) 800 K.
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Once we established the probable location of the wave source, we calculated, for
each of the cases explained above, the possible wave path from the source to the
location of RBSP-A by sending the waves to the southern hemisphere with initial ⃗k
from 124◦ to 180◦ in 1◦ steps. We approximated the location of RBSP-A to L=3.60,
and we calculated that the only possible solution was for ⃗k=160◦ . The results obtained
are summarized in Figures 5.8 and 5.9, in the same format as Figures 5.6 and 5.7,
respectively.

Temperature
(K)

500
700
800

Plasmapause
half L-width 1.0

Plasmapause
half L-width 0.5

Ray 1

Ray 2

Ray 1

Ray 2

Delay 1.0
(seconds)

Delay 0.5
(seconds)

0.76
1.80
2.17

1.33
3.52
5.37

1.42
2.97
3.78

1.77
3.59
4.79

0.57
1.72
3.20

0.44
0.62
1.01

Table 5.1 Summary of the time delay calculations for all cases using DE model.

We then compared the time delay obtained in each case with the values from the
observational data calculations made in section 5.4. Table 5.1 gives the time it took for
Ray 1 to reach the source from ATH and the time for Ray 2 to reach RBSP-A from the
source for all cases, as well as the resulting time delay calculations in each case. We
found that the most likely propagation scenario was for a temperature of 800 K, with a
plasmapause located at L=6.0±1.0 that yielded a time delay of 3.20 seconds between
ATH and the time when the wave encounters RBSP-A (shown in blue in Table 5.1).
This final solution is illustrated in Figure 5.10, where the red triangle indicates the
position of ATH, the red line corresponds to the ray from ATH to the source, the
blue diamond indicates the position of RBSP-A and the blue line is the ray from the
source to RBSP-A. This propagation path for the QP emission observed during the
conjugate event, has good correlation of time delay values and of the position of the
spacecraft. However, burst data analysis from RBSP-A shows that the wave vector
angle was between ∼ 30 − 40◦ while the results from this simulation found a final
⃗k ∼ 77◦ . As shown in Figure 5.5, the choice of the model of density distribution to
be used in raytracing simulations is crucial. Even though this solution agrees with
our observations, we have to consider that the DE model might not take into account
possible plasma inhomogenities present at the time of the event that might account for
the slight differences in the wave vector angle.
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Fig. 5.10 Best solution to fit observational data using DE model + Plasmapause. Ray 1, in
red, back tracing from ATH (red triangle) to the equatorial source. Ray 2, in blue, forward
tracing from the source to RBSP-A (blue diamond). Total time delay between ATH and
RBSP-A: 3.25s

5.4 Ray tracing

5.4.2
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RBSP-A density profile

The distribution of plasma density plays a fundamental role in ray tracing. Thus we
utilized HFR data from the EMFISIS instrument to identify the upper hybrid resonance
frequency (Kurth et al., 2015) and obtain a manually fitted cold plasma density profile.
Figure 5.11 shows the manually fitted density profile (blue line) compared with the
standard DE model (yellow line) with a plasmapause from L=5 to L=7 presented in
the previous section. We observed a few small density peaks from L=3.5 to L=4.9
that we assume represent plasmaspheric ducts close to the observation time of the
conjugate event. The location of RBSP-A at the time of the event is shown by the
gray dashed vertical line and corresponds to a localized decrease of the plasma density
suggesting that the observed QP waves are in a depletion duct. Figure 5.11b shows the
fitted density distribution in colored background in the meridional plane. Since RBSP
was too close to the equator, we could not fit the data with latitudinal dependence
and therefore the density distribution along the latitudinal plane is taken from the
empirical model of Denton et al. (2004).
We found the source of the emission to be located at relatively low latitudes, L=3.4,
inwards from the L-shells of ATH and RBSP, and with a final angle between the wave
vector and the magnetic field line of θBk ∼ 60◦ . Previous propagation studies of both
chorus and ELF hiss (e.g., Chum and Santolík, 2005; Santolik et al., 2006) found that
in cases of unducted propagation, large wave vector angles at the equatorial source are
needed if the waves are to penetrate the ionosphere. Thus, our results suggest that the
waves that propagated directly to ATH did so in an unducted manner. This first ray
is illustrated by the red line in Figure 5.11b, the red triangle indicates the position
of ATH and the gray arrows represent the direction of ⃗k. The time gap between the
arrows being constant (0.09 s and 0.24 s for red and blue ray respectively), a longer
(shorter) distance between the arrows is indicative of the increase (decrease) of group
speed.
The propagation from the source to RBSP-A is calculated by assuming a punctual
source symmetric at the equator, implying that the initial ⃗k of the waves propagating
to the southern hemisphere should remain close to 120◦ . Thus, we sent the waves to the
southern hemisphere with an initial ⃗k from 104◦ to 180◦ in 1◦ steps. The trajectory for
this ray must have an ending point as close to the actual position of RBSP-A as possible,
meaning L=3.65 and a magnetic latitude of 10.3◦ but also has to reflect the time
delay calculations, meaning a group delay between 2.2 and 3.8 seconds when the wave
encounters the satellite. We found that these criteria were met only for an initial wave
vector of ⃗k ∼ 105◦ for a delay of 2.5 seconds. The resulting wave trajectory corresponds
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Fig. 5.11 (a) Cold plasma density as a function of Re , yellow line shows the density profile
from the diffusive equilibrium model with a plasmapause from L=5 to 7 while the blue line
shows the manually fitted RBSP model. (b) Ray tracing results showing the back trace from
ATH (red line) to the source and then the forward trace from RBSP-A to the source (blue
line). Total time delay between ATH and RBSP-A: 2.50 s. Figure provided by Miroslav
Hanzelka, Charles University (Prague)
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to the dark blue line in Figure 5.11b, with the dark blue star representing the position
of RBSP-A at the time of the event. We suggest that the source is constantly emitting
waves, some of them propagate unducted to the northern hemisphere, directly detected
by ATH, while others propagate to the southern hemisphere where they are reflected
and likely trapped in a depletion duct, as reflected by the density profile, allowing
them to be detected by RBSP-A. The existence of this small density duct close to the
location of the spacecraft is essential in order to obtain the desired group time delay.
As a consequence, the final wave vector value has a relatively small significance since
when in a duct, the final direction of the wave vector is very variable.
At the time when we observed the simultaneous QP element, RBSP-A was located
in a depletion duct as shown in Figure 5.5a. Using on-board measurements of the B-field
at the minimum-|B| point we found that the half-gyrofrequency during the entirety
of the event was between 6.0 < 0.5 fce < 24.3 kHz and had a value of approximately
0.5 fce =12.9 kHz at the time of the QP element. Using Tsyganenko model T01 (i.e.,
Tsyganenko, 2002a,b) we calculated that 0.5 fce at the field line of ATH was 4.02 kHz.
This correlates with previous studies suggesting that at small wave normal angles
⃗o (e.g., Santolik et al., 2003a), whistler mode waves with frequencies
with respect to B
between 0.5 fce and fce propagate in ducts of depleted cold plasma (e.g., Bell et al.,
2009; Haque et al., 2011).

5.5

Conclusions

In this chapter, we were able to reproduce for the first time, ELF/VLF wave propagation
based on observational data and with adequate correlation of multiple factors, i.e.,
spacecraft location, time delay and Poynting vector. The final ray tracing solution
shown in this study corroborates that we can accurately reproduce the propagation of
the observed waves using current ray tracing models. We found that QP waves emitted
from the same source propagated to the northern hemisphere, unducted until they
reached the ground at ATH, and also to the southern hemisphere, were they reflected
and entered a duct allowing them to be detected by RBSP-A. These unique results
emphasize the importance of actual in-situ cold plasma measurements, provided here
by RBSP-A, in order to accurately reproduce the propagation of VLF/ELF waves.
We have successfully reproduced the observations using ray tracing and a cold
plasma density model manually fitted from RBSP-A data. We show the ray tracing
solution that corresponds the best to the observations and time delay calculations
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supporting the accuracy of current ray tracing models and the role that plasma density
in current models.
On the other hand, the time delay for the SP cannot be explained if we assume the
same propagation as the QP emission. We believe that the source of the SP is located
elsewhere in the southern hemisphere and as it propagates through the field line it
reaches RBSP-A’s location first, then continues until being detected by ATH. This is
consistent with the calculated time delay from the RBSP-A to ATH.
We also found that at subauroral latitudes, the likelihood of conjugate events
showing the same frequency and spectral properties between the ground and space
remains fairly low (only one event out of 77 conjugate RBSP passes). However we
could not determine if this is the consequence of the method employed to select the
events or if it is related to ionospheric or magnetospheric propagation of the waves.
This could be the subject of future work.

Chapter 6
Concluding remarks
6.1

Summary and conclusions

In this thesis, we have studied the physical properties of several types of ELF/VLF
waves observed at subauroral latitudes using data from ground-stations in Canada and
a satellite in the inner magnetosphere. With the help of a rare conjugate event between
ATH and RBSP-A, we have also studied the propagation of ELF/VLF emissions using,
for the first time, observational data as a basis for a ray tracing analysis. We have
found several key results which we will summarize below.
In Chapter 3, we used data from the VLF-CHAIN campaign from ground stations
in ATH and FVM to better understand the physical properties of ELF/VLF waves
observed at subauroral latitudes. Using high-sampling rate data we were able to observe
the detailed structure of chorus and follow the variations of the polarization angle of
ELF/VLF emissions. We found that the frequency dependence of the polarization
angle of these waves could be related to the broadening of the path that the waves
follow from their generation region, suggesting that the exit point of the waves in the
ionosphere depends on their frequency. We also found that the polarization angle was
time dependent, suggesting that the waves are sensitive to plasma instabilities near or
at their generation region or vulnerable to the modulation of the wave duct during
their propagation to the ground. Finally, using three simultaneous chorus emissions at
ATH and FVM we calculated the ionospheric exit point of the waves and by following
its motion we concluded that this exit point might be affected by small scale plasma
processes, most likely near the source region.
In Chapter 4, we expanded our study to include a one-year database covering
several types of ELF/VLF emissions observed at ATH taking into account the influence
of several parameters in their occurrence rates. Our results show that wave occurrence
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at subauroral latitudes is highest during the morning and lowest during the night,
in agreement with previous studies made at similar L-shell values. We found that
occurrence on the ground is correlated with ongoing substorm and storm activity,
suggesting that geomagnetic parameters not only provide the seed population for wave
generation but can also influence wave generation and propagation. Superposed epoch
analysis confirmed that substorm activity influences wave detection at ATH, from
two days up to one hour before the observation of the waves, and high solar wind
speed tends to cause the ELF/VLF emissions. The study of the central frequency of
the waves, up to 3 kHz lower than expected, and the correspondence with occurrence
rates observed in the inner magnetosphere at higher L-shells, indicates that the waves
detected at ATH are generated at a source located at higher L-shells than the field line
of ATH. The analysis of ELF/VLF emission occurrence separated by wave type showed
that for single-type emissions, rates for chorus are the highest in the morning sector
while hiss is more distributed in MLT and QP peaks in the early afternoon (13 MLT).
In Chapter 5, based on the previously mentioned data set, we observed a very rare
conjugate event between ATH and RBSP-A, showing the same spectral and frequency
features in both locations. Using time delay calculations and wave analysis of burst
mode data, we proposed several propagation probabilities for the conjugate event.
For the first time, we were able to use actual in-situ cold plasma density provided by
RBSP-A, and reproduce ELF/VLF wave propagation based on observational data.
We proposed and validated the most likely propagation scenario that correlates with
time delay calculations, Poynting and wave vector values, as well as positioning of
the spacecraft. Our results emphasize the importance of accurate plasma density
measurements in order to precisely reproduce wave paths in the magnetosphere.

6.2

Suggestions for future research

Even if this work provides new information on the physical characteristics and propagation of ELF/VLF waves observed at subauroral latitudes, there are still several research
topics that should be addressed in the future in order to have a more comprehensive
view of ELF/VLF waves in the magnetosphere.
In this study we found that in both the long- and short-term, the detection of
emissions at ATH is accompanied by an increase of the solar wind speed and pressure, up
to several days before we start seeing the emissions on the ground. These results suggest
that high-speed solar wind conditions might play a bigger role in wave generation.
However, we were unable to focus on the particular role that these high-speed conditions

6.2 Suggestions for future research

85

might have on wave detection at ATH which should be the object of a separate study,
taking into account a more detailed definition of high speed streams or co-rotating
interaction regions.
We studied a particular case of a conjugate emission between the space and the
ground. These types of events showing the same frequency and spectral features were
found to be a rare occurrence at subauroral latitudes. We were unable to ascertain,
however, if this was related to the characteristics of ELF/VLF wave propagation or to
the selection criteria used in this study. A larger study taking into account a longer
time frame of observation for ATH (data for almost 4 years is now available) and
possibly including other ground stations at similar L-shells or similar latitudes could
yield promising results to improve the chances of observing conjugated events. Since
the increase of conjugate cases can only improve our understanding of magnetospheric
ELF/VLF propagation, we can also foresee the inclusion of data from the ERG
(Exploration of energization and Radiation in Geospace) project, expected to be
launched in 2016 and whose mission is to investigate relativistic electron acceleration
and radiation belt dynamics through plasma, particle, fields and wave studies.
On the other hand, even if the possibility of conjugated events with satellites remains
scarce, the study of conjugate events between several ground stations could provide
valuable information on how ionospheric differences play a role in wave propagation.
A multi-point ground station study focused on UT dependence, northern/southern
hemisphere and winter/summer differences or similarities could allow the creation of
a magnetospheric data set giving information on the influence of background density
on ELF/VLF plasma waves. Similar to the study done using data from ATH and
FVM, we could consider the use of two or more VLF receivers longitudinally separated
by short distances, to study the ionospheric exit point of the waves, and by longer
distances, in to further our knowledge on how the wave propagates in time.

References
Agapitov, O., Krasnoselskikh, V., Khotyaintsev, Y. V., and Rolland, G. (2011). A
statistical study of the propagation characteristics of whistler waves observed by
cluster. Geophysical Research Letters, 38(20).
Akasofu, S.-I. (1979). Interplanetary energy flux associated with magnetospheric
substorms. Planetary and Space Science, 27(4):425 – 431.
Akasofu, S.-I. (2012). Physics of magnetospheric substorms, volume 47. Springer
Science & Business Media.
Aryan, H., Yearby, K., Balikhin, M., Agapitov, O., Krasnoselskikh, V., and Boynton,
R. (2014). Statistical study of chorus wave distributions in the inner magnetosphere
using ae and solar wind parameters. Journal of Geophysical Research: Space Physics,
119(8):6131–6144.
Barr, R., Jones, D. L., and Rodger, C. (2000). ELF and VLF radio waves. Journal of
Atmospheric and Solar-Terrestrial Physics, 62(17):1689–1718.
Bell, T. F., Inan, U. S., Haque, N., and Pickett, J. (2009). Source regions of banded
chorus. Geophysical Research Letters, 36(11).
Bortnik, J., Li, W., Thorne, R., Angelopoulos, V., Cully, C., Bonnell, J., Le Contel,
O., and Roux, A. (2009). An observation linking the origin of plasmaspheric hiss to
discrete chorus emissions. Science, 324(5928):775–778.
Bortnik, J. and Thorne, R. (2007). The dual role of ELF/VLF chorus waves in the
acceleration and precipitation of radiation belt electrons. Journal of Atmospheric
and Solar-Terrestrial Physics, 69(3):378–386.
Bortnik, J., Thorne, R., Meredith, N., and Santolik, O. (2007). Ray tracing of
penetrating chorus and its implications for the radiation belts. Geophysical Research
Letters, 34(15).
Burton, R., McPherron, R., and Russell, C. (1975). An empirical relationship between
interplanetary conditions and dst. Journal of geophysical research, 80(31):4204–4214.
Burton, R. K. and Holzer, R. E. (1974). The origin and propagation of chorus in the
outer magnetosphere. Journal of Geophysical Research, 79(7):1014–1023.
Carpenter, D. and Anderson, R. (1992). An ISEE/whistler model of equatorial electron
density in the magnetosphere. Journal of Geophysical Research, 97(A2):1097–1108.

88

References

Chum, J. and Santolík, O. (2005). Propagation of whistler-mode chorus to low altitudes:
divergent ray trajectories and ground accessibility. Annales Geophysicae, 23(12):3727–
3738.
Denton, R., Menietti, J., Goldstein, J., Young, S., and Anderson, R. (2004). Electron
density in the magnetosphere. Journal of Geophysical Research: Space Physics
(1978–2012), 109(A9).
Engebretson, M., Posch, J., Halford, A., Shelburne, G., Smith, A., Spasojević, M., Inan,
U., and Arnoldy, R. (2004). Latitudinal and seasonal variations of quasiperiodic
and periodic VLF emissions in the outer magnetosphere. Journal of Geophysical
Research: Space Physics (1978–2012), 109(A5).
Fowler, R., Kotick, B., and Elliott, R. (1967). Polarization analysis of natural and
artificially induced geomagnetic micropulsations. Journal of Geophysical Research,
72(11):2871–2883.
Friedel, R., Reeves, G., and Obara, T. (2002). Relativistic electron dynamics in the
inner magnetosphere: a review. Journal of Atmospheric and Solar-Terrestrial Physics,
64(2):265 – 282. STEP-Results, Applications and Modelling Phase (S-RAMP).
Fukunishi, H., Kokubun, S., and Matuura, N. (1983). Nankyoku no kagaku, 2. Ōrora
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