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1. Introduction

1.1 Earth’s Magnetosphere

The anti-Sun-ward orientation of comet tails led to the theory of a particle flow
coming from the Sun. [Parker| [1958] has suggested that the upper layers of the
Sun continuously expand to the surrounding space forming the solar wind. The
outflowing plasma consists of electrons and protons with a small varying portion
of alpha particles and a tiny addition of ions of heavier elements. Mean free
path of the particles is approximately 1 Astronomical Unit, and solar wind can
be therefore considered as nearly collision less on the Sun-Earth distance scale.
Thereby the plasma environment exhibits a very good conductivity, and the flow
drags the frozen in magnetic field of the Sun. Given the rotation of the Sun and
the continual plasma outflow, magnetic field lines form a signature shape, the
Parker spiral.

All the planetary objects in the solar system, including the Earth, are strongly
influenced by the interaction with the solar wind. The intrinsic magnetic field
of the Earth provides an effective protection from the solar wind particle flux
[Chapman and Ferraro, |1931]. A boundary behind which the solar wind cannot
access is thus formed at the surface of the equilibrium between the pressures
produced primarily by the Earth’s magnetic field on one side and the dynamic
pressure of the solar wind on the other. Close to the subsolar point, this boundary
called magnetopause, can be usually found at a radial distance between about
8 and 11 Rp |Cahill and Amazeen, [1963]. Due to the supersonic nature of the
solar wind, another boundary, called bow shock, is formed upstream from the
magnetopause. The roughly dipole magnetic field of the Earth is reshaped by its
interaction with the solar wind and the associated current systems, resulting in
the compression on the dayside and a significant prolongation on the nightside,
where so called magnetotail is formed.

1.1.1 Van Allen Radiation Belts

Some of the solar wind particles can penetrate into the magnetosphere, where they
can get trapped. Without further interactions, such trapped charged particles
have rather limited possibilities of motion in the Earth’s magnetic field.

In any magnetic field, charged particles can move freely along the field line,
however, any movement in a perpendicular direction is transformed by the Lorentz
force to the gyration around the field line. The angular frequency of this gyration
(cyclotron frequency) is given by the magnitude of the local magnetic field B and
the particle’s charge to mass ratio @Q/m:

_ @B

m

QO (1.1)

Every periodic motion leads to preservation of some quantity given by the action
integral

J = %pdq, (1.2)
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Basic Components of Particle Motion: bounce, gvration and drift
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Figure 1.1: Schematic view of the charged particle movements in the Earth’s
magnetic field. Reprinted from Markgraf and Montenbruck]| [2004].

where ¢ is a generalized coordinate and p is a generalized momentum |Goldstein
1965]. In the case of the aforementioned gyration motion, the preserved quantity
is constituted by the magnetic moment p given by

mv?

— 1.3
=g (1.3)

where v is the component of the velocity vector perpendicular to the magnetic
field.

Apart from the gyration, the trapped particles propagate along the magnetic
field lines. The magnitude of the magnetic field, however, does not remain con-
stant along the field line, increasing toward lower radial distances and larger
latitudes. Given the preservation of the magnetic moment p and the total ki-
netic energy of the particle (%m (vﬁ + Ui)), the ratio between the parallel and
the perpendicular component of the particle velocity is destined to change during
the particle movement. Consequently, the particle may reach a point where the
magnetic field magnitude is so large that all the particle kinetic energy is stored
in the perpendicular component. At such point, the particle gets reflected and it
begins to move in the opposite direction along the field line. This effect is called
magnetic mirroring.

The mirroring point is given by the growth of the magnetic field magnitude
along the field line and by the fraction of energy momentarily stored in the per-

pendicular component of the velocity:

where B is the magnetic field magnitude at the point where the total and perpen-
dicular velocities v and v, are measured and B,, is the magnetic field magnitude
needed for the mirroring to happen. Introducing the “pitch angle” a (the angle
between the velocity vector and the ambient magnetic field), equation can
be rewritten as:

B
in®a=—. 1.5
sin” « B (1.5)



In the Earth’s magnetosphere, the trapped particles need to get reflected above
some minimal altitude in order not to collide with the atmosphere, as such colli-
sions would result in their scattering and precipitation. The minimal pitch-angle
needed to preserve the bouncing motion defines the bounce loss cone.

Finally, the bouncing particles circle the Earth in the azimuthal direction due
to the “grad B” and curvature drifts. Directions of these drifts are charge sensitive
and, therefore, electrons move eastward, whereas positively charged protons move
westward. The charge dependent direction of drift thus results in the ring current,
which effectively weakens the magnitude of the Earth’s magnetic field at lower
radial distances. All the three aforementioned movements of charged particles
trapped in the Earth’s magnetic field are illustrated in Figure [1.1

The adiabatic invariants are preserved only if the defining environment changes
slowly with respect to the periods of individual movements. This condition is,
however, often violated in case of the Earth’s magnetosphere, for example due
to the influence of varying solar wind properties. Additionally, the adiabatic
invariants may be violated due to the interaction of trapped particles with elec-
tromagnetic waves of various origins and frequencies [e.g., [Voss et al. (1998
Bortnik et al., 2006a, (Gemelos et al., [2009, Bourriez et al. 2016]. The violation
of adiabatic invariants then ultimately results in changes of the particle energy
and pitch angle. All such processes result in energetic electrons being trapped pri-
marily in two donut-shaped areas called the Van Allen radiation belts [Van Allen)
1958]. The shape of the Van Allen belts is illustrated in Figure [1.2]
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Figure 1.2: Illustration of the Van Allen radiation belts. Reprinted from |Zell
[2015)].

Originally, it was believed that high-energy particles populate two distinct
areas, one closer to the Earth dominated by protons and the other at larger
radial distances dominated by electrons [Van Allen) 1958, [Van Allen and Frank,
1959|. Later, [Johnson and Kierein [1992] and [Blake et al. [1997] showed that
electrons with slightly lower energies, i.e., below about 1 MeV, are present in
both areas, however, there is a deep “slot region” in between with significantly



reduced electron population. Recently, the Van Allen Probes mission has brought
several additional interesting findings. Namely, Baker et al.| [2014] have shown
that a rather sharp drop of energetic electron flux is typically observed at L-shells
lower than about 2.8, which they interpreted as an “impenetrable barrier”. The
drop gets even sharper for ultra-relativistic electrons (>~ 2 MeV). Regarding
the ultra-relativistic electrons, Baker et al| [2013] reported a discovery of an
unexpectedly long-lived storage ring of theirs, effectively forming the outermost
third radiation belt.

1.1.2 Plasmasphere

The Earth’s surroundings is filled with plasma extending from the ionosphere.
In analogy to the Earth’s atmosphere, a simple naive expectation might be that
the number density should decrease approximately exponentially with the radial
distance. However, the observations by Storey| [1953], who analyzed dispersions
of radio signals from lightning, i.e., whistlers (see Section , have shown a sur-
prising result. Considering the propagation approximately along the field line,
which is a necessary condition for the ground observations of whistlers, he esti-
mated the plasma number density at several Earth radii to be as high as about
400 cm~3, way larger than originally expected. These results were then con-
firmed by (Carpenter| [1963], who, additionally, revealed a knee-like behavior of
the plasma number density as a function of L, the Mcllwain’s parameter [Mcll-
wain) (1961], in the range of about 2 < L < 5. The density drop (plasmapause)
separating the high density plasmasphere from the low density plasma trough was
revealed also by the spacecraft mission LUNIK. However, it was only published
after being confirmed by Carpenter’s results. The key plot is shown in Figure

Generally, the estimation of the cold plasma density by dedicated spacecraft
measurements has to deal with the issues of spacecraft potential due to the charg-
ing. Indirect method for plasma number density estimation was therefore imple-
mented, e.g., onboard the Van Allen Probes using the electromagnetic waves’
measurements (see Section . The method uses the upper hybrid resonant
frequency estimation and magnetic field measurement to derive the plasma num-
ber density |[Kurth et al., 2015].

The rather sudden drop of plasma number density is result of particle convec-
tion in the Earth’s magnetosphere. This flow is governed by two main processes:
(i) co-rotation of plasma with the Earth, which is dominant at low radial dis-
tances, and (ii) a solar wind induced convection. Both mentioned schemes, as
well as their superposition are shown in Figure The dashed line represents
the last closed equipotential and it corresponds to the plasmapause position.

Two different kinds of equipotentials can be seen in Figure[l.4} (i) at low radial
distances, they are closed around the Earth and (ii) beyond the plasmapause, the
equipotentials extend into the magnetotail. Any cold plasma particles on the
latter equipotentials eventually reach the region where they can escape to the
open space. No particles are therefore supposed to be convected back to lower
radial distances. Since the refilling by the ionospheric plasma is rather slow
compared to the convection losses, the plasma density outside the plasmasphere
is supposed to stay rather low.
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Figure 1.3: The solid curve shows the electron density profile derived from
whistler measurements as a function of the geocentric distance. The circles repre-
sent the ion density measured by LUNIK 2 spacecraft. The upper and lower rows
of numbers represent invariant latitudes and latitudes of the LUNIK 2 spacecraft,
respectively. Reprinted from (Carpenter [1965].

1.2 Whistlers

In this section, we present a theory of propagation of electromagnetic waves in the
cold plasma approximation and, in particular, we derive the dispersion relation
of the Whistler mode plasma waves. The presented theory assumes a linear
wave behavior, hence, that the wave properties do not depend on its amplitude.
Additionally, we presume that the environment does not change on distances
comparable to the wavelength. Any propagating disturbance (wave) can be then
at any given location 7 and time ¢ written as a sum of individual planar waves in
the form:

L7t =% {ﬁe@'('?fwt)} , (1.6)

where L is the complex amplitude, k is the wave vector and w represents the
angular frequency. This notation further allows to rewrite differential operators
in the following way:

oL .

En —  —iwl, (1.7)
VxL — ikx E,
V-L — ik-L.

J



Figure 1.4: Equatorial plane view of the equipotentials of the electric field in
the magnetosphere. The top left panel shows the component induced by the
solar wind, the top right panel represents the co-rotational effect, and the bot-
tom panel depicts the superposed field. The dashed curve shows the last closed
equipotential, corresponding to the plasmapause. Adapted from Nishida [1966].

The electric and magnetic fields are governed by the set of Maxwell equations:

. dB
FE = ——— 1.8
. . OE
B = J —_—
V x Ho +€08t]7
V.-E = 2
€0
V-B = 0,

where E and B represent the electric and magnetic field intensities, respectively,
1o and gg respectively represent the permeability and permittivity of vacuum,
o is the charge density and J stands for the electric current density. Using the
equivalence ¢ = 1/ (gopp) the wave equation can be derived in the form:

. 10%E oJ

Assuming further that the current density is proportional to the electric field and
introducing the electric conductivity tensor o in the form

J =0 -E, (1.10)



we can define the permittivity tensor

i
<~
£=1 +—, (1.11)
EoW
and rewrite the wave equation as
n’kk-E—n’E+ ¢ -E =0, (1.12)

where n = kc/w is the refractive index and k: is a unity vector in direction of the
wave vector k.

The ambient magnetic field vector By defines a direction particularly signif-
icant for the wave propagation. It is therefore convenient to relate any wave
propagation to this direction. Without loss of generality, we can investigate the
problem in such a coordinate system that the ambient magnetic field is oriented
along the z-axis, i.e., By = (0,0, By). We will further assume that By > B, i.e.,
the ambient magnetic field is significantly stronger than the magnetic field related
to the waves.

Given these assumptions, the permittivity tensor can be expressed using
the Stix coefficients [Stix, 1992] as:

S WD 0
g=| =D S 0 |, (1.13)
0 0 P

where S=1(R+ L), D=3 (R—L),and R, L, and P are defined as follows:

R =1-Y ——
Zi:w(w—i—QZ—)
112
L = 1— e SR
2 o)
117
P = 1_25’ (1.14)

where II; = \/ (niq?) / (eom;) and ; = (Bog;) /m; represent respectively the
plasma and cyclotron frequencies corresponding to individual particle species.
Note that the charge ¢; also includes the sign, and, therefore, the cyclotron fre-
quencies can be both positive and negative.

The wave equation can be then expressed in a matrix form

S —n?cos’ O 1D n?sin © cos © E,
—iD S —n? 0 E, | =0, (1.15)
n?sin © cos © 0 P —n?%sin’© E,

where O is the angle between the wave vector k and the ambient magnetic field
By. In order to obtain a non-zero solution for E, determinant of the equation
matrix has to be zero. Such condition can be written in the form of a bi-quadratic
equation for the refraction index n:

(Ssin2 O + P cos? @) nt — [RL sin? @ + PS (1 + cos® @)} n?+ PRL =0 (1.16)

9



Given the wave and plasma parameters, one can therefore obtain up to two
wave modes. For the field-aligned propagation at a frequency below the min {2, I1.},
the solutions for n? simplify to

n*=S+D=Ror L, (1.17)

corresponding to either right- or left-handed polarized wave. Evaluating the co-
efficients, it turns out that between the proton cyclotron frequency €2; and the
frequency wy, = % (—Qe + /2 + 4116)7 the value of L is negative, and, therefore,
only the right-handed polarized wave can propagate.

The following calculations are done with several simplifying assumptions,
specifically:

e Only the electron components in the Stix coefficients L, P, R are used (they
are significantly larger than the rest).

e The wave vector is nearly aligned with the ambient magnetic field, i.e., © is
close to zero.

e We only assume a wave with frequency w < min{€2,, II.}.

This allows us to simplify the formula

2.2 2
2_kc_ NHe
’]’L_72 —RN .

w Q.w

(1.18)
From that we obtain the group velocity

. 87w ~ 2]€Q€C2 . 2c |Qe|
e T T T oL

N (1.19)

This shows that the higher the wave frequency, the larger the group velocity.
When we calculate a duration T' of the wave propagation under given conditions,

we obtain
1 1

ds IT
T:/—z—u—/—iﬂ& (1.20)
vy 2evw/ 10,

which shows that the propagation duration depends on the inverse square root
of wave frequency and on the environment properties.

Such behavior can be well observed in the case of lightning-generated emis-
sions. A lightning stroke produces a short wide-band emission which can escape
the Earth—ionosphere waveguide (see Section and propagate through the
plasmasphere. It can be then observed either in the magnetically conjugated
point or, after a ionospheric reflection, in the point of origin. The dispersed
wide-band emission results in a characteristic decreasing frequency-time pattern,
which, transformed to sound, has given whistlers their name. Under favorable
conditions, ground observations can show long trains of consecutive whistlers with
increasing dispersions. An example of such event is shown in Figure [I.5] The
black ellipse marks the parental lightning stroke.

The analyzed situation of nearly exactly field aligned wave propagation can
be often justified by whistlers being “ducted” in channels of slightly different
plasma number density formed along some magnetic field lines [Helliwell, |2014].

10
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Figure 1.5: Example of frequency-time spectrogram containing a whistler train.
The black ellipse marks the parental stroke. Reprinted from University of Calgary|

012

The frequency dependence and the possibility of ground observations of ducted
whistlers made them very useful for the plasmasphere probing in the early days.
Since described the pattern formation, it was possible to use the
measured whistler dispersions to estimate plasma number density along whistler
propagation paths. Great overview of lightning generated whistlers and their
applications was compiled by Helliwell [1965, 2014]. However, whistlers can also
propagate a different way, not following the ambient magnetic field. In such case,
their trajectories are governed by gradient of the refractive index and the prop-
agation is called “unducted” [Smith and Angerami, 1968, Santolik et al., 2009,
Fiser et al., 2010]. Unducted whistlers can be observed only by spacecraft, since
they generally propagate towards larger radial distances following a bouncing tra-
jectory [Hughes, [1981, Bortnik et al. [2003] [2006alb, Maxworth and Golkowski,
2017). The radial distance that the unducted waves can eventually reach depends
on their frequency. Specifically, the higher the wave frequency, the lower the final
radial distance.

Although lightning generated whistlers are historically the first and most stud-
ied whistler mode waves, many other waves with various, both known and un-
known, origins propagate in the Earth’s magnetosphere in the whistler mode.
Considering the frequency range of interest of this thesis (between about 100 Hz
and 20 kHz), we should mention in particular chorus and plasmaspheric hiss.
These two wave event types play also very important role in the dynamics of the
Van Allen radiation belts.

Chorus is generated by cyclotron resonance of embryonic whistler mode waves
with electrons of the outer radiation belt [e.g., |Allcock, 1957, Oliven and Gurnett,
11968, [Sazhin and Hayakawa), 1992, |Omura et al., 2008]. It consists of numerous
consecutive rising or falling tones with periods of the order of seconds
et all 2014]. Two bands of chorus are usually observed, one between about
0.1 and 0.45 Q. and the other between about 0.5 and 0.7 €. [Tsurutani and
Smith| (1974} 1977]. Chorus is mostly observed outside the plasmasphere [Burtis
and Helliwell, 1969, Meredith et al., 2001], however, cases of chorus observations
bt low altitude spacecraft were also reported [Santolik et al., |2006a]. Chorus
emissions can eventually penetrate inside the plasmasphere and they are believed
to be one of the sources of plasmaspheric hiss [e.g., (Chum and Santolik, 2005
Bortnik et all, 2008 2011alb].

As the name suggests, plasmaspheric hiss occurs nearly exclusively inside the
plasmasphere [Thorne et al., 1973 Meredith et al., [2004]. It is an unstructured

11



whistler mode emission observed at frequencies below about 2 kHz [Hayakawa and
Sazhin|, |1992]. Intensity of plasmaspheric hiss is the largest between about 100
and 300 Hz [Thorne et al., 1973, [Tsurutani et al., 2012, [Li et al., 2015]. Recently,
plasmaspheric hiss was also observed at frequencies of several tens of Hz [Li et al.
2013]. It is supposed to play the most important role in the precipitation of the
slot region electrons with energies ranging from tens of keV up to several MeV
[Abel and Thorne| [1998a,bl Meredith et al., |2007, 2009, Ni et al., 2013} Thorne
et al., 2013].

1.3 Lightning

Lightning strokes are spark discharges formed due to charging of thunderstorm
clouds. Although the detailed mechanism of their generation is still not com-
pletely understood, there is a basic generally accepted idea. Rubbing of ice par-
ticles and water droplets effectively produces electric charge [Rakov and Uman),
2003]. This charge is then separated by gravitational forces resulting in a dipole
structure inside the cloud with the positive charge concentrated in the upper
part. Unfortunately, this scheme cannot explain all the observed phenomena,
especially positive cloud-to-ground discharges. This can be overcome by a tripole
model introduced by [Williams| [1989], who has emphasized the importance of the
additional bottom positive pole for lightning initiation. More recent studies have,
however, shown that the charge structure inside the thunder clouds is much more
complicated, containing at least six charge centers [e.g., |Coleman et al., 2008].

Lightning plays an important role in the global electrical circuit described,
e.g., by Rycroft et al.|[2000]. Schematic drawing of the global circuit is shown in
Figure[1.6] Thunderstorm activity charges the ionosphere positively compared to
the ground. Due to a good electric conductivity of both the ionosphere and the
ground, the charge is spread all around the globe. At the times of fair weather,
the “Earth—ionosphere capacitor” gets discharged by current densities of the order
of 1072 A/m? |Rycroft et al., 2012].

Apart from their role in the global electrical circuit, lightning strokes produce
short bursts of electromagnetic emissions in a wide range of frequencies. Most
of the power of an average lightning generated emission spreads between about
2 and 10 kHz, peaking between about 5 and 6 kHz [Price and Blum, |1998|. The
generated electromagnetic waves can then propagate in the Earth—ionosphere
waveguide over rather large distances, and, eventually, escape into the ionosphere.

Climatology studies show that the lightning occurrence rates vary with many
parameters. Majority of the observed lightning occurs over or close to the land-
mass. On the other hand, the strokes detected over the oceans carry substantially
larger electric currents, and therefore more energy per stroke |[Hutchins et al.|
2013a]. One can also identify seasonal and diurnal variance of the lightning oc-
currence rates. Generally, more lightning would be expected during the local
summer. As for the diurnal dependence, lightning occurrence peaks in late after-
noon. Figures ,b show respectively the discussed dependences |[Colman and
Starks, 2013].

Lightning-generated emissions that escape from the Earth—ionosphere waveg-
uide and propagate to larger radial distances may significantly influence the pro-
cesses in the Earth’s magnetosphere. Lightning whistlers are usually observed

12
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Figure 1.6: Schematic view of the global electric circuit. Reprinted from
2012).

only inside the plasmasphere and in the plasmaspheric plumes [Summers et al.l
2008], whereas outside the dense plasma region, lightning-generated whistlers
are detected rather rarely [Bell et al. 2004} Platino et al., 2005]. |Green et al.
suggested that lightning might be one of the embryonic sources for the
plasmaspheric hiss. Specifically, they demonstrated that the dependence of the
electromagnetic wave intensity measured by the DE 1 spacecraft exhibits a con-
siderable longitudinal dependence on the geomagnetic longitude. At frequency of
about 3 kHz, the wave intensity is larger at longitudes corresponding to landmass,
and they stated that the longitudinal dependence is eventually identifiable at fre-
quencies as low as about 500 Hz. However, this frequency range was questioned
by several following studies [Thorne et al, [2006, Green et al., 2006, Meredith|
2006]. Namely, Meredith et al|[2006] used measurements of the CRRES
satellite to show that the wave intensity dependence spatially corresponding to
the lightning activity can be observed only for waves at frequencies larger than
about 2 kHz.

1.4 Earth-Ionosphere Waveguide

The cavity between the bottom layer of ionosphere and the Earth’s surface effec-
tively works as electromagnetic waveguide that allows electromagnetic waves to
propagate over thousands km with a rather low attenuation [Cummer, 2000]. The
propagating waves can be either generated directly inside the cavity, e.g., light-
ning emissions [Dowden et al., 2008, |[Fiser et al., 2010] or VLF transmitter signals
[Clilverd et al., 2002, Némec et al., [2017], or they can enter the waveguide while
propagating from larger radial distances, e.g., quasi-periodic emissions observed
by the ground-based stations [Manninen et al., 2013]. Detailed wave propagation
properties in the Earth-lonosphere waveguide are subject to numerous effects such
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Figure 1.7: a) Seasonal dependence of global average lightning occurrence rates
observed by the LIS/OTD missions. Individual lines show the result for the
northern (blue) and southern (red) hemisphere, and the global average (black).
b) Dependence of average lightning occurrence rates measured by the LIS/OTD
missions on the local time. The black line represents the global average, whereas
the other colors show the averages for individual continents. Reprinted from
Colman and Starks [2013].

as the Earth’s magnetic field and curvature, changes of the ionospheric plasma
density, various reflection heights of waves with different frequencies, etc. To
calculate the wave propagation precisely, one has to know or assume the exact
conditions and numerical modeling codes have to be used. Hereinafter, we intro-
duce the basic waveguide mode theory, which is sufficient for our purpose, as it
allows to adequately understand some of the properties of the events discussed
in Chapter

In the case of lightning-generated emissions, the propagation of transverse
magnetic (TM) mode is dominant |[Budden, 1961]. In this mode, the magnetic
field vector of the wave is perpendicular to the plane given by the wave vectors
before and after the reflection from the boundary. We assume a simple scheme
of a waveguide formed by two infinite parallel planes at a distance h. For the
sake of simplicity, let’s use a coordinate system where the planes are parallel to
the plane (z,y). Further, one of the planes is located at z = 0 and the other at
z = h. Without loss of generality, we can assume that the initial wave vector
is in the plane (z, z), directed obliquely in the negative sense of z-axis and the
positive sense of z-axis (see Figure .

Ground

Figure 1.8: Schematic drawing of the simplified waveguide geometry.
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Considering the aforementioned situation, the wave vector k and electric (E)

and magnetic (ﬁ ) intensity vectors can be written as:

Fo= (ks 0,k2), (1.21)
E = (E,0,E.),
H = (0,H,,0),

and their component values subject to the following equations:

E,(v,2,t) = Eysinfexp{—ik(vcosf — zsinf)} e’ (1.22)
E.(z,2,t) = FEycosfexp{—ik(zcosf — zsinf)}e™",
H,(z,2,t) = Hyexp{—ik(zcosf — zsinf)}e™",

where k is the absolute value of k , 0 is the acute angle between the wave vector
k and the r—axis, and w is the angular frequency of the wave. For the following
steps, we abandon the time evolution, as it is strictly periodic and independent
of spatial parameters.

Assuming a perfect conductivity of both boundaries and summing the initial
and reflected waves, one obtains:

E,(z,2) = 2iEysinfsin (kzsin)e *7cos?, (1.23)
E.(r,2) = 2Fycosfcos (kzsinf)e kreoes?
H,(v,2) = —2Hcos (kzsin@)e *reost,

This set of equations suffices the boundary condition at z = 0, namely

E,(z,0) = 0. This should be true also for E (x,h), as there is another per-
fectly conducting layer on the other side of the waveguide. This bounds the wave
vector length and direction by equation

khsinf = nm, (1.24)

where n € N is the waveguide mode number. Given that £k = 27/\ and
A = c¢/f, where A is the wavelength, f stands for the wave frequency and c is the
speed of light, one can rewrite equation (|1.24}) as

nc 1l
inf = —-—. 1.25
sin o7 (1.25)
This gives a minimal frequency for a given mode, the “critical frequency”:
ne
= —. 1.26
fo= o (1.26)

For frequencies above the critical frequency, sinf < 1 and the modes are
“propagated”. Otherwise, the absolute value of the sin # is larger than one, which
means that 6 has also an imaginary part. This correspondingly transforms the
propagation parts of the equations , specifically,

—ikx cosl = —ikx (:I:\/ 1 — sin? 0> = Fkxy/sin?f — 1. (1.27)
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This results in an exponential attenuation of the waves with increasing dis-
tance from the source. The “evanescent” modes are thus attenuated by a factor
of exp (—kx ) where (3 is a positive real number given by

5{(2%)21};. (1.28)

Dimension of the Earth—ionosphere waveguide varies depending on the actual
altitude of the bottom layer of the ionosphere. This is located at approximately
70 km during the day and about 90 km during the night [e.g., Watt and Croghan,
1964]. For more precise values, we refer to [Toledo-Redondo et al.|[2012], who
performed a study focused on the temporal and spatial variations of the first
cut-off frequency of the Earth—ionosphere waveguide.

As mentioned above, many additional effects influence the real wave propa-
gation. Among those, magnetic field effect and the resulting west-east asymme-
try of the wave attenuation is particularly important for our analysis. |Crombie
[1961] showed that the coefficients of reflection from the bottom layer of the
ionosphere are larger for the west-to-east than for the east-to-west propagation.
This result is further supported by more recent modeling work of |Jacobson et al.
[2012]. Experimental evaluation of the attenuation factors performed using the
World Wide Lightning Location Network data by [Hutchins et al.| [2013b] shows
that the average attenuation coefficients for the eastward propagation over the
water are 1.13 £0.35 dB/Mm and 0.71 +0.68 dB/Mm for day and night, respec-
tively. Similar calculation for westward propagation gives average attenuation of
2.98 + 0.68 dB/Mm and 2.66 + 0.39 dB/Mm for day and night, respectively.
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2. Aims of the Thesis

As summarized in the previous chapter, investigation of lightning and its effects on
the Earth’s magnetosphere still leaves plenty of questions without clear answers.
Additionally, recent spacecraft missions bring more precise or completely new
measurements of various electromagnetic wave phenomena taking place in the
Earth’s magnetosphere. Many of them are of unknown origin and might be
possibly due to the terrestrial activity.

This thesis contains two main research chapters, one focuses on the effects of
lightning emissions on the overall wave intensity in general, and the other studies
two kinds of special wave events that are most probably linked to the lightning
activity.

We follow up on the previous studies as those of (Green et al.| [2005], Némec
et al.| [2010] or Colman and Starks| [2013] and perform two statistical studies in
order to estimate the lightning contribution to the overall wave intensity.

First we use the neural network for whistler detection onboard the DEME-
TER spacecraft in order to sort electromagnetic wave measurements according
to the momentary lightning activity. This allows us to compare the overall wave
power with and without the lightning contribution. Additionally, we compare
this study at frequencies below 1.25 kHz with the wave propagation direction
analysis. Based on the prevailing wave propagation direction, we can determine
whether the measured wave power is dominated by the waves coming from larger
radial distances or from the atmospheric processes.

Second, we take advantage of the spatial dependence of lightning occurrence,
specifically, the land/ocean imbalance. Fortunately, this can be well simplified to
dependence of lightning occurrence on geomagnetic longitude. As the co-rotation
effect is negligible in most of the magnetosphere, we can assume that waves of
non-terrestrial origin should not depend on the Earth’s rotation. Any longitudinal
dependence of the measured electromagnetic waves should be thus due to the
terrestrial sources. Considering the frequency range of interest, lightning is the
most convenient source of such waves.

The other focus of this thesis is on two kinds of special wave events observed
by the DEMETER spacecraft. They both consist of alternating frequency bands
of enhanced and reduced wave intensity. However, one can be observed at fre-
quencies below about 1 kHz, whereas the other reach up to about 20 kHz with
accordingly different band widths. Parameters of individual events are studied,
e.g., their minimal and maximal frequencies or spatial and temporal dependence
of their occurrence. For both event types we suggest possible mechanisms of their
formation.

17



18



3. Data Sets

In the studies presented in this thesis, we rely on electromagnetic wave measure-
ments of two spacecraft missions, namely, Detection of Electro-Magnetic Emis-
sions Transmitted from Earthquake Regions (DEMETER) and Radiation Belt
Storm Probes (RBSP), later renamed to the Van Allen Probes, honoring the dis-
coverer of the radiation belts, James Van Allen. The lightning data were obtained
by the spacecraft missions Lightning Imaging Sensor (LIS) / Optical Transient
Detector (OTD) and by a ground-based World Wide Lightning Location Network
(WWLLN).

3.1 DEMETER Spacecraft

The French Micro-satellite DEMETER operated between July 2004 and Decem-
ber 2010 on a nearly circular orbit with a high inclination. The original orbiting
altitude of about 710 km was decreased to about 660 km in December 2005. The
orbit was quasi-Sun-synchronized, resulting in the measurements being performed
in two distinct magnetic local time (MLT) intervals centered at about 10:30 and
22:30 MLT. The exact MLT distribution of the DEMETER measurements is
shown in Figure 3.1}
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Figure 3.1: Magnetic local time distribution of measurement times of the DEME-
TER spacecraft. Adapted from Némec et al.| [2010].

Most of the time, the spacecraft operated in a Survey mode with a reduced
data transfer. This mode was active nearly continuously at geomagnetic lati-
tudes lower than 65°. In selected areas of special interest, a Burst mode was
active, i.e., more detailed measurements were performed and better resolution
data were transferred to the ground. Figure [3.2| shows geomagnetic maps of the
total measurement duration in individual 1° x 1° bins color coded according to
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the color scale on the right. Figures and respectively correspond to
the Survey and Burst modes. The histograms on the left show the measurement
times summed over geomagnetic longitude.
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Figure 3.2: Geomagnetic maps of the DEMETER spacecraft measurement time
in the (a) Survey and (b) Burst modes in individual 1° x 1° bins. The histograms
on the left represent the total measurement times as functions of geomagnetic
latitude with resolution of 1 degree.

The instrumentation of the spacecraft consisted of

Electric Field Instrument (ICE),

Magnetic Search Coil Instrument (IMSC),

Neural network for whistler detection (RNF),

Plasma Analyzer Instrument (IAP),

Instrument for Particle Detection (IDP),

Langmuir Probe (ISL).

Out of these, we use the electric |[Berthelier et al., 2006] and magnetic [Parrot
, 2006] field measurements and the neural network for whistler detection
[Elie et al., [1999)].
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3.1.1 ICE Instrument

The electric field measurements were performed in four frequency intervals rang-
ing from the lowest frequencies up to about 3 MHz. In the thesis the Very Low
Frequency range up to 20 kHz and the Extremely Low Frequency range up to
1.25 kHz are used.

VLF range

The Very Low Frequency range was active nearly continuously both in the Survey
and the Burst mode. One component of electric field was measured and it is
available in the form of frequency-time spectrograms with the time resolution of
about 2.048 s and the frequency resolution of about 19.53 Hz. Additionally, in the
Burst mode, also the waveforms sampled at 40 kHz were stored and transmitted
to the ground.

ELF range

The Extremely Low Frequency range was active only in the Burst mode. However,
at that moments, all three components of electric field were measured and their
waveforms are available with a sampling rate of 2.5 kHz.

3.1.2 IMSC Instrument

Three axis search-coil magnetometer measured magnetic field fluctuations in the
VLF and ELF ranges with the parameters corresponding to the electric field
instrument. All 6 components of electromagnetic vector were thus recorded in
the Burst mode with a sampling rate of 2.5 kHz. Such measurements allow for
estimation of additional wave propagation parameters. Wave analysis methods
described by [Santolik and Parrot| [1998], [1999], [Santolik et al. [2003], |2006b} 2010]
can be used to determine, e.g., the wave and Poynting vectors’ directions and
wave polarization.

3.1.3 RNF

Due to the limited time resolution of the Survey mode data transmitted to the
ground, lightning-generated whistlers can be effectively identified only in Burst
mode spectrograms. In order to have information about individual lightning gen-
erated whistlers also at the times of inactive Burst mode, onboard implemented
neural network automatically inspected frequency-time spectrograms with better
time resolution in the frequency range between 3 and 14 kHz for patterns corre-
sponding to the lightning-generated whistlers and sorted them into 19 dispersion
classes with the time resolution of about 0.1024 s [Elie et al., [1999]. Neural net-
work used 10 x 11 matrix of spectral coefficients as an input. On the output side,
single neuron indicated whether whistler was identified. In between, two hidden
layers processed the input. Using spectrograms of 3 different time resolutions
and 4 combinations of frequency bands, the resulting slope of whistler pattern
could be modified, which enabled the 19 dispersion classes spanning from 0 s*/? to
300 s'/2 to be distinguished with error of 10 % [Parrot et al., 2019]. The network

21



training was performed using back-propagation algorithm with set of 2500 input
patterns and it was afterwards tested on additional 1500 ones. The resulting 91%
success rate should be sufficient for statistical studies.

3.2 Van Allen Probes

The Van Allen Probes mission consists of a couple of identical spacecraft that
operate since August 2012 on nearly similar highly elliptical orbits close to the
equatorial plane. Their orbits with the perigee altitudes of about 600 km and the
apogee altitudes of about 32000 km slightly precess so that all combinations of
radial distances and local times are covered approximately every two years. The
scientific payload consists of

e Energetic particle composition and thermal plasma suite (ECT) containing

— Helium-oxygen-proton-electron spectrometer (HOPE)
— Relativistic electron proton telescope (REPT)
— Magnetic Electron Ion Spectrometer (MagEILS)

Electric field and waves (EFW)

Radiation belt proton spectrometer (RPS)

RBSP ion composition experiment (RBSPICE)

Electric and magnetic field instrument and integrated science suite (EMFI-

SIS)

In this thesis, we focus on the EMFISIS suite [Kletzing et al., [2013] and on the
plasma number density data |[Kurth et al. [2015] derived from the high frequency
EFW measurements. Figure |3.3] shows an example measurement of the Van
Allen Probe A obtained on 15 September 2012 between about 04:10 and 10:50
UT. Individual panels show from top to bottom the color-coded frequency-time
spectrogram of power spectral density of magnetic field fluctuations, MLT and
L-shell of the spacecraft, and the plasma number density derived from the upper
hybrid frequency evaluated using electric field measurements. The red and blue
colors in the bottom three panels show where the spacecraft was considered to
be inside or outside the plasmasphere, respectively.

3.2.1 EMFISIS

The EMFISIS suite contains tri-axial fluxgate and magnetic search coil magne-
tometers for magnetic field measurements from DC up to 12 kHz. They are placed
on holders about 4 meters from the center of the spacecraft in the spacecraft spin
plane. Additionally, the Waves instrument receives the electric field data obtained
by the EFW instrument. We use the data obtained by the suite in the nearly
continuously active Survey mode. In this mode, all six components of electro-
magnetic field were measured and average spectral matrices of 0.5 s snapshots are
available every 6 seconds. The frequency range from 2 Hz up to 12 kHz is covered
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Figure 3.3: (a) Color-coded frequency-time power spectrogram of magnetic field
fluctuations measured by the Van Allen Probe A on 15 September 2012 from
about 04:10 to 10:50 UT. (b,c) MLT and L-shell of the spacecraft. (d) Plasma
number density derived from the upper hybrid frequency estimations. The red
and blue colors in panels (b—d) show whether the spacecraft was considered to be

inside or outside the plasmasphere, respectively. Reprinted from [Zahlava et al.|
12018b].

by 65 approximately logarithmically distributed frequency channels. Similarly as
described above in section [3.1.2] the performed multicomponent measurements
allow for estimation of wave propagation parameters.

3.2.2 Plasma number density

The EFW instrument also provides a single component electric field measure-
ments in the frequency range up to about 500 kHz. This can be used to identify
the upper hybrid frequency. The Automated Upper-hybrid Resonance detection
Algorithm (AURA) has been developed to search the frequency-time spectro-
grams for banded emissions that are expected around the upper hybrid resonant
frequency.

Having estimated the upper hybrid resonant frequency (f,,) and measuring
the ambient magnetic field magnitude, ergo the local electron gyrofrequency (£2.),
one can derive the local plasma number density (n.). The upper hybrid resonance
is given by equation f2, = Q?+112. We therefore get the expression for the plasma
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number density [Kurth et al., 2015]:

e fom~1] = (He [Hz]>2 (i =) [HZQ}' (3.1)

8980 89802

The largest density detectable by this method, given the frequency range avail-
able, is about 2000 cm™3. We use the plasma number density to define whether
the measurements were performed inside or outside the plasmasphere. Specifi-
cally, we define “inside the plasmasphere” as L < 2.5 or n > 200 cm 3. Similarly,
“outside the plasmasphere” is defined as L > 2.5 and n < 50 cm™3. Anything
that does not fit either of the conditions is not considered neither inside nor

outside the plasmasphere and remains unclassified.

3.3 Lightning detection

We use two different lightning data sets. One is provided by the Lightning Imag-
ing Sensor (LIS) / Optical Transient Detector (OTD) mission and it contains
the average lightning occurrence rates obtained from the optical observations on
spacecraft. The other comes from the ground based World Wide Lightning Lo-
cation Network (WWLLN) and contains information about individual lightning
strokes.

3.3.1 LIS/OTD

Lightning detectors installed onboard spacecraft monitor the atomic oxygen mul-
tiplet with the wavelength 777.4 nm. Lightning strokes produce pulses of this
spectral line and can be therefore localized by the detector. The spatial resolu-
tion of LIS and OTD was about 10 and 5 km, respectively [Cecil et al.| 2014]. The
precessing low altitude orbits of the carry-on spacecraft along with the wide field
of view provided rather good coverage for long term statistical studies. A more
detailed description of the detectors and methods used for the data processing
can be found in [Boccippio et al| [2002] and (Christian et al. [2003]. The data
set used contains average lightning occurrence rates, total numbers of lightning
strokes observed and total measurement duration maps with the spatial resolu-
tion of 2.5° X 2.5° in geocentric coordinates and the temporal resolution of 2 hours
in local time separately for all 365 individual days of year.

3.3.2 WWLLN

A set of over 70 ground based VLF antennas located all over the world monitor
frequency range between about 3 and 18 kHz. Lightning strokes produce strong
wide-band emissions. If the appropriate emission pulses are detected by at least
3 different stations, it is possible, based on the times of arrival at individual sta-
tions, to estimate the time and location of the source lightning stroke [Dowden
et al., 2002]. Additionally, using the pulse powers and a sophisticated modeling
of the propagation of VLF waves in the Earth-ionosphere waveguide, one can
also derive energy produced by a given discharge. Therefore, WWLLN provides
a data set containing locations, times and energies of individual lightning strokes
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[Hutchins et al.| [2012b]. Unfortunately, it is not possible to place a large amount
of antennas homogeneously all over the globe, and therefore the network detec-
tion efficiency varies with location. This can be partially solved by the maps of
the relative detection efficiency of the network provided in the data set [Hutchins
et al., 2012a]. The network, however, gradually evolves and the number of sta-
tions used increases during the years. This results in the detection efficiency
changing in time. Several studies have been performed in order to evaluate the
absolute detection efficiency of the network. Abarca et al. [2010] have shown the
comparison between the WWLLN and the National Lightning Detection Network
(NLDN) which they considered as “the ground truth”. They demonstrated that
the detection efficiency of the WWLLN increased from about 3.88 % in years
2006 — 2007 up to about 10.3 % between 2008 — 2009. The follow up work by
Rudlosky and Shea|[2013] used a comparison with the LIS mission. They showed
the detection efficiency increase from about 6 % in 2009 up to about 9.2 % in
2012. The discrepancy between the results obtained can be likely attributed to
different areas and validation data sets considered. Another evaluation of the ab-
solute detection efficiency was done by Hutchins et al.|[2012a] who compared the
global average lightning occurrence rates in years 2010 and 2011 obtained from
the WWLLN with the long term global average of about 46 strokes per second
estimated from the LIS/OTD observations. The average detection efficiency for
the two years was 13.7 % and 13 %, respectively.
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4. Lightning Contribution to the
Electromagnetic Wave Power in
the Magnetosphere

We use two approaches to investigate whether or not and, eventually, to what
extent lightning contributes to the overall wave power observed by spacecraft in
the Earth’s magnetosphere. First, measurements of the DEMETER spacecraft
in the ELF and VLF ranges are analyzed with respect to the whistler occurrence
detected by the onboard implemented neural network. Second, we use the mea-
surements of the DEMETER and the Van Allen Probes spacecraft to investigate
the longitudinal dependence of the wave intensity.

4.1 Whistler Detection Analysis

A basic motivation of this method is to compare the electromagnetic wave in-
tensity observed by the DEMETER spacecraft at the times of various levels of
lightning activity. As a proxy for the lightning activity level, we use the data pro-
vided by the onboard implemented neural network for whistler detection. Hav-
ing inspected the occurrence maps of whistlers in individual dispersion classes,
whistlers with dispersions less than 10 s!/2 were identified as 0+ (fractional hop)
whistlers, i.e., coming from below the spacecraft. These constitute for the ma-
jority (over 85 %) of all detections. In all the further processing, whistlers with
larger dispersions are excluded from the analysis, which significantly simplifies
the interpretation of the obtained results.

Figures 4.1] and show examples of whistler detection by the neural net-
work. Figures and show detailed frequency-time spectrograms of power
spectral density of electric field fluctuations measured by the ICE instrument
in the VLF range. Whistler detections are marked in Figures and
as a function of dispersion class and time. One can identify that the detected
whistlers well correspond to the spectrograms. Measurements in the ELF range
allow for detailed wave analysis and, therefore, the remaining panels show wave
parameters at frequencies below 1250 kHz. Figures[4.1f, and [4.14d, show
extremely low frequency range spectrograms of power spectral density of electric
and magnetic field fluctuations, respectively. In order to focus on the observed
whistlers, detailed wave propagation parameters are only shown for waves with
electric power spectral density larger than 3 x 10~7 mV?-m~2-Hz ! and magnetic
power spectral density larger than 3 x 10~% nT?/Hz. Figures and show
the component of Poynting vector parallel to the ambient magnetic field normal-
ized by its standard deviation [Santolik et al. 2001]. The red color represents
propagation parallel to the magnetic field, whereas the blue color stands for anti-
parallel propagation. In the northern hemisphere, where the data shown were
obtained, parallel propagation corresponds to the direction towards the Earth,
away from the magnetic equator. Figures and depict the ellipticity of
magnetic field fluctuations ranging from -1 corresponding to the left-handed cir-
cular polarization through 0 (linear polarization) up to 1 corresponding to the
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right-handed circularly polarized wave. Planarity of magnetic field fluctuations,
which indicates the viability of the plain wave approximation used, is plotted in
Figures and [£.2. Finally, Figures and show the wave normal an-
gle with respect to the ambient magnetic field [Santolik et al., 2003]. Altogether,
we can see that the detected whistlers propagate in the right-handed polarized
whistler mode with a rather high planarity from below the spacecraft towards
the magnetic equator with wave normal approximately aligned with the ambient
magnetic field. The data used in Figures and were obtained in a 4.4 s
interval starting on 4 October 2010 at 03:29:22.1 UT and a 2 s interval from 7
February 2010, 02:16:57.4 U'T, respectively.
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Figure 4.1: (a) Frequency-time spectrogram of power spectral density of electric
field fluctuations measured in the VLF range. (b) Number of whistlers detected
by the on-board neural network in each dispersion class. (c) Frequency-time spec-
trogram of electric field fluctuations measured in the ELF range. (d) Frequency-
time spectrogram of magnetic field fluctuations measured in the ELF range. (e)
Direction of the component of Poynting vector parallel to the ambient magnetic
field normalized by its standard deviation. (f) Ellipticity of magnetic field fluc-
tuations. (g) Planarity of magnetic field fluctuations. (h) Wave normal angle
with respect to the ambient magnetic field. The measurements took place on
4 October 2010 between 03:29:22.1 UT and 03:29:26.5 UT during the local day.
Reprinted from [Zahlava et al.| [2018a].
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07 Feb 2010 02:16:57 UT
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Figure 4.2: Same as Figure [4.1| but the measurements took place on 7 Febru-
ary 2010 from 02:16:57.4 UT to 02:16:59.4 UT corresponding to the local night.
Reprinted from |Zahlava et al. [2018a].

In this study, we analyze the Survey mode frequency-time spectrograms ob-
tained by the DEMETER spacecraft in the VLF range. These are available with
the time resolution of 2.048 s. To each power spectrum, we assigned a whistler
occurrence level corresponding to the average occurrence rate of 0+ whistlers
detected by the onboard neural network in a given 2.048 s interval. Separately
for day- and night-time half-orbits, as well as for individual 1° intervals of the
absolute value of geomagnetic latitude, distribution functions of the whistler oc-
currence rates were constructed and their quartiles are shown as functions of the
absolute value of geomagnetic latitude in Figure 4.3, The red and blue colors
represent the day- and night-time results, respectively, whereas their shades, as
well as different symbols distinguish individual quartiles. For the further analy-
sis, the 0.25 and 0.75 quantiles were selected as threshold values between the low,
medium, and high whistler occurrence rate categories. Constructing the distri-
bution functions separately for day and night and individual 1 degree intervals
of the absolute value of geomagnetic latitude allows us to properly distinguish
the time intervals of unusually high or low whistler occurrence rate in a given
location and local time.

Whistler occurrence rates observed during the night are generally significantly
higher than those observed during the day. This is due to a combination of sev-
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eral causes. First, lightning occurrence at the local times corresponding to the
DEMETER measurements is about 60 % higher during the night than during
the day [Colman and Starks, 2013| (see Figure ) Moreover, the ionospheric
attenuation is substantially larger during the day than during the night, as the
additional D-layer is formed and the ionization is generally larger during the
sunlight exposure |[Némec et al. 2008, Helliwell, 2014]. The attenuation plays
critical role since only whistlers sufficiently stronger than the background can
be successfully detected. Especially during the day, there is a clearly identifi-
able peak of whistler occurrence rate at geomagnetic latitudes of about 50°. The
observed whistler occurrence rate decrease towards low latitudes apparently con-
tradicts the lightning occurrence rate being the largest there [Christian et al.
2003]. The lightning occurrence boost is, however, more than countered by the
increased ionospheric attenuation near the magnetic equator. This significantly
larger attenuation is caused by the inconvenient orientation of the Earth’s mag-
netic field lines, which are nearly parallel to the Earth’s surface [Helliwell, |2014].
The whistler occurrence rate drop at latitudes larger than about 50° is probably
due to low lightning occurrence rates at high latitudes.
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Figure 4.3: Quartiles of whistler occurrence rate as a function of the absolute value
of the geomagnetic latitude. The daytime and nighttime values are represented
by the red and blue colors, respectively. The 0.75 and 0.25 quantiles are shown by
the dots and triangles, respectively. These are then, respectively, used as “high”
and “low” whistler occurrence thresholds in the further analysis. Additionally,

the solid lines of the respective colors represent the median values. Reprinted
from [Zahlava et al.| [2018a].

The observed whistler occurrence rates are generally higher than the lightning
occurrence rates per square km, and even per square degree below the space-
craft. This is consistent with the finding that whistlers can be observed well
over 1,000 km from the source lightning [Fiser et al., [2010]. This area might be
even larger in the latitudinal direction due to the propagation paths of unducted
whistlers [Bortnik et al., 2003].

All electric field power spectra measured by DEMETER were classified ac-
cording to the whistler occurrence levels at respective times. Figures [f.4h,b show
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color coded median power spectral densities at the times of high and low whistler
occurrence rates as functions of frequency (ordinate) and the absolute value of
geomagnetic latitude (abscissa). The results were obtained for the day-time half-
orbits. Figures f.4k,d show the same for the night-time half-orbits. For the sake
of simple comparison, the color scale is the same in all four panels.
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Figure 4.4: Color coded median power spectral density of electric field fluctua-
tions as a function of frequency and the absolute value of geomagnetic latitude.
Results were obtained (a) at the times of high whistler occurrence rate during the
daytime half-orbits, (b) at the times of low whistler occurrence rate during the
daytime half-orbits, (c) at the times of high whistler occurrence rate during the
nighttime half-orbits, and (d) at the times of low whistler occurrence rate dur-
ing the nighttime half-orbits. The horizontal intense lines at frequencies above
about 12 kHz observable especially during the night are due to VLF' transmitters.
Reprinted from [Zahlava et al. [2018a].

The results reveal an area of high intensity waves at frequencies below about
1 kHz and geomagnetic latitudes larger than about 45°. The median wave power
in this frequency-latitude interval is larger during the day, when it also extends
to slightly higher frequencies and lower latitudes. It further apparently increases
at the times of low whistler occurrence as compared to the times of high whistler
occurrence.

A significant variability of the median power spectral densities in individual
cases is further observable at frequencies above about 2 kHz. Generally, the
median intensities there are lower during the day than during the night. For better
comparison between the times of high and low whistler occurrence, Figures[4.5p,b
show day- and night-time ratios between the respective median power spectral
densities. The red color corresponds to the median power spectral density of
electric field fluctuations being larger at the times of high whistler occurrence
rate than at the times of low whistler occurrence rate. The blue color represents
the opposite.
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Figure 4.5: Color coded ratio between the median power spectral density of elec-
tric field fluctuations during the high and low whistler occurrence rate periods.
a) Results obtained using the daytime half-orbits. b) Results obtained using the
nighttime half-orbits. The red color corresponds to the situation of larger median
wave intensity at the times of “high” whistler occurrence. The blue color corre-
sponds to the frequency-geomagnetic latitude intervals where the median wave
intensity is larger at the times of “low” whistler occurrence. The red horizontal
lines at frequencies about 12, 15, and 18 kHz observed in particular during the
daytime correspond to VLF transmitter signals. Reprinted from [Zahlava et al.|

20184).

The red-colored areas indicate the frequency-geomagnetic latitude intervals
where the occurrence of lightning-generated whistlers is significantly correlated
with the overall wave intensity. This is especially well observable at frequencies
between about 4 and 12 kHz and at latitudes between about 20° and 50° during
the day and at frequencies above about 10 kHz in the whole range of latitudes
during the night. Additionally, the median wave intensity is significantly en-
hanced in the entire analyzed frequency range at geomagnetic latitudes below
about 10° during the night-time half-orbits. The blue areas showing enhanced
power spectral density at the times of low whistler occurrence rates can be seen
at low frequencies and high latitudes both during the day and night. During the
night, two additional blue areas are present. One spans over frequency range be-
tween about 1 and 8 kHz and over latitudes larger than about 20°, the other can
be seen at frequencies between about 15 and 20 kHz and geomagnetic latitudes
between about 40° and 50°.

Unfortunately, the interpretation of these blue areas indicating the anti-correlation
between the whistler occurrence and the median power spectral density is not
that straightforward. Surely, there exist processes that could explain the nega-
tive impact of the whistler presence on the overall wave intensity. For example,
lightning-generated whistlers play a non-negligible role in the precipitation of en-
ergetic electrons trapped in the Van Allen radiation belts, and these electrons
are responsible for generation of whistler mode waves, e.g., chorus
Holzer| 1974 Katoh and Omural 2016]. However, it seems more probable that
the explanation stems from the varying detection efficiency of the neural network.
When the whistler is weak compared to the background, the probability of its
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successful detection by the neural network decreases. Consequently, the observed
whistler occurrence rate is systematically underestimated at the times of high
intensity of other natural emissions.

The dark red horizontal lines well observable in Figure correspond to
the frequencies of Russian Alpha Navigation transmitters. This might suggest
either malfunction of the detection network due to the transmitter signal pattern,
enhanced whistler observability at the times of stronger detected VLF transmitter
signals, or higher whistler occurrence rates in the corresponding locations.
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Figure 4.6: (a) Extremely low frequency part of Figure (daytime). (b)
Extremely low frequency part of Figure (nighttime). (c), (d) Color coded
ratio between the median power spectral density of electric field fluctuations of
the waves propagating predominantly away from the Earth and those propagating
predominantly towards the Earth. The results were obtained using the daytime
(c) and nighttime (d) half-orbits. The red color corresponds to the frequency-
geomagnetic latitude intervals where the median wave intensity is larger for the
upward propagation. Reprinted from Zahlava et al.| [2018a].

In the ELF range, all six components of electromagnetic vector were measured
in the Burst mode, and it is thus possible to determine additional wave propaga-
tion parameters. Among others, the Poynting vector component parallel to the
ambient magnetic field carries a significant piece of information for our study.
Based on its sign, we can determine whether the waves come to the spacecraft
from the Earth or from larger radial distances. This can be effectively used to
classify the measurements to those with and without dominant terrestrial contri-
bution. Figures[4.6h,b show the ELF parts of Figures [£.5h,b, respectively. Nearly
the whole ELF range is dominated by lightning at geomagnetic latitudes lower
than about 40°, whereas the rest is covered in blue. During the day, there is,
however, a blue wedge reaching down to latitudes of about 20° in the frequency
range between about 250 and 400 Hz.

For the comparison, Figures [£.6f,d show the respective day- and night-time
results obtained using the wave propagation direction analysis. Specifically, they
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show the ratio between the median power spectral density of electric field fluctua-
tions propagating primarily upwards, i.e., away from the Earth’s surface towards
the magnetic equator, and those propagating primarily in the opposite direc-
tion. We can identify, especially during the day, that vast areas are covered in
white indicating principally no correlation between the median wave intensity
and lightning-generated whistlers. During the night, geomagnetic latitudes up
to about 50° are dominated by electromagnetic waves propagating from below
the spacecraft, presumably lightning-generated whistlers. Up to this point, the
results of the two methods are in a rough correspondence. However, during the
daytime, there is a discrepancy at frequencies between about 250 and 400 Hz and
geomagnetic latitudes from 10° to 50°. The more intense waves seem to propagate
from below the spacecraft, however, the whistler analysis suggests that they are
not of a lightning origin. A possible explanation of this phenomenon was offered
by Santolik and Parrot| [1999]. The observed upgoing waves are probably type F
waves described by them. Such waves originate from hiss or chorus that prop-
agate at high latitudes down to low altitudes where they get reflected towards
lower latitudes at the multi-ion cutoff frequency [Santolik et al. 2006b].

To conclude this part: We analyzed the electric field measurements by the
DEMETER spacecraft. Based on the number of whistlers detected by the on-
board neural network, we compared electromagnetic wave measurements at the
times of high and low whistler occurrence. The ratio between the median wave
intensity at the times of high and low whistler occurrence revealed the frequency-
geomagnetic latitude intervals where the whistler occurrence significantly corre-
lates with the overall wave intensity. The results are, in the ELF range, in agree-
ment with the analysis based on the wave propagation direction. This topic was
further investigated by Zahlava et al. [2019], who used the ground based lightning
detections by the WWLLN to estimate the contemporary lightning activity for
the measurements of the DEMETER and the Van Allen Probes spacecraft. Good
correlation between the wave intensity and the lightning occurrence is found in
most of the studied frequency—L-shell range, especially in the afternoon-to-night
sector.

4.2 Longitudinal Dependence

In this section, we introduce a study that takes advantage of land/ocean imbal-
ance of the lightning occurrence rates in order to investigate the lightning effects
on the overall wave intensity in the magnetosphere. Fortunately, this can be well
simplified to the dependence of the studied phenomena on the geomagnetic lon-
gitude. Following the discussion ignited by (Green et al.| [2005] and continued by
Thorne et al.| [2006] and Meredith et al. [2006], we show a detailed analysis of
what frequency range is most influenced by the lightning activity.

There is no reason for the electromagnetic waves generated at larger radial
distances to directly depend on the geomagnetic longitude, and any longitudinal
dependence observed can be thus supposed to be of the terrestrial origin. Alto-
gether, there are four main longitude-dependent sources of electromagnetic waves
on the Earth. First, the powerful military VLF transmitters produce electromag-
netic emissions carrying hundreds of kilowatts of wave power [Bullough et al.|
1975, |Gamble et al., 2008, Starks et al., 2008, Foster et al. |2016]. However, such
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waves are usually very narrowband and they are emitted at frequencies higher
than 10 kHz [Cohen and Inan, 2012], which is above the investigated frequency
range. Another source of rather narrow band emissions is the electromagnetic
radiation produced by electric power lines [Helliwell et al., [1975] Bell et al., 1982}
Némec et al.; 2006]. In addition to the narrow band nature of the emissions, they
are also rather weak, and thus do not significantly contribute to the overall wave
intensity [Nemec et al., [2010].

We use the electromagnetic wave measurements performed by the DEMETER
and the Van Allen Probes spacecraft and compare the measured intensities with
the lightning occurrence rates observed by the LIS/OTD mission. Considering
the Van Allen Probes, we further distinguish whether the measurements were
performed inside or outside the plasmasphere. “Inside the plasmasphere” corre-
sponds to a situation when L < 2.5 or n > 200 cm ™2, where L is the L-shell of the
spacecraft and n is the locally evaluated plasma number density. Accordingly,
we define “outside the plasmasphere” as L > 2.5 and n < 50 cm™3. In cases
when neither condition is satisfied or the plasma number density is unavailable

at L > 2.5, the measurements are not included in the study.

Figure[4.7]shows the daytime results. Specifically, Figure depicts the me-
dian power spectral density of magnetic field fluctuations measured by the Van
Allen Probes outside the plasmasphere in the local time interval between 9 and
12 hours as a function of the geomagnetic longitude and frequency. The values
are color-coded corresponding to the scale on the right side. Figure uses the
same representation, but it was obtained for the spacecraft measurements inside
the plasmasphere. Figure shows the geomagnetic longitude-frequency depen-
dence of the median power spectral density of electric field fluctuations measured
by the DEMETER spacecraft during its day-time half-orbits. Finally, for a com-
parison, Figure contains the normalized whistler rate. It was calculated as
follows: The provided geographic lightning occurrence maps were recalculated
to the geomagnetic coordinates preserving the spatial resolution of 2.5° both in
longitude and latitude. Then, an average ionospheric profile was calculated for all
combinations of the local time and geomagnetic latitude with the resolution of 2
hours and 2.5°. Specifically, the International Reference Ionosphere (IRI) model
[Bilitza and Reinisch|, 2008] was used to obtain the profiles with longitudinal res-
olution of 30° at equinoxes of 1996, 1999, 2002, 2005, 2008. These were averaged
and then used as inputs for a full wave propagation calculation algorithm [Bort-
nik and Bleier, 2004, Nagano et al., |1975 Némec et al., [2008, (Tao et al., 2010] to
estimate the attenuation of a 2 kHz wave propagating from the altitude of 50 km
up to 1,000 km. These estimations of the wave attenuation were then used along
with the area lightning rates to calculate the total power of lightning generated
whistlers reaching the top of the ionosphere at a given geomagnetic longitude.
Finally, the dashed lines show approximate geomagnetic longitudes of the peaks
of the normalized whistler rate in the local time interval 812 hours. Note that
the local time interval chosen for the Van Allen Probes better corresponds to
the local time distribution of the DEMETER measurements. Unfortunately, the
LIS/OTD data set is provided with 2 hour resolution, and therefore, we had to
use a longer local time interval.

The Van Allen Probes observed no longitudinal variation of the median power
spectral density both inside and outside the plasmasphere. Overall, the wave
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Figure 4.7: a) Median power spectral density of magnetic field fluctuations mea-
sured by Van Allen Probes outside the plasmasphere in the MLT interval from
9 to 12 hours as a function of frequency and geomagnetic longitude. b) Same
as a), but inside the plasmasphere. ¢) Median power spectral density of elec-
tric field fluctuations measured by the DEMETER spacecraft during the daytime
half-orbits as a function of frequency and geomagnetic longitude. d) Average
lightning occurrence rate in the local time interval 8-12 hours normalized by the
ionospheric attenuation factor as a function of the geomagnetic longitude. The
dashed lines mark the longitudinal positions of the largest normalized lightning
occurrence rates. Reprinted from Zahlava et al.| [2018b].

intensity at frequencies below about 1 kHz is significantly higher inside plasma-
sphere than that observed outside. In the case of the low altitude DEMETER
spacecraft, it is possible to identify a slight variation of the median wave intensity
at frequencies of about 1 kHz, but the effect is very weak.

The situation is drastically different during the night. Figures adapt
the same format as Figure but for the MLT interval between 21 and 24 hours
for the Van Allen Probes, night-time half-orbits of DEMETER and the local time
interval from 20 to 24 hours for the lightning data. Additionally, the results are
calculated separately for three levels of geomagnetic activity. Figures
and respectively represent the AE index intervals AE < 100, 100 < AE
< 300, and 300 < AE. Qualitatively, all the three Figures show rather similar
dependences. The overall wave intensity slightly depends on the geomagnetic
activity, being higher at the times of higher geomagnetic activity. Outside the
plasmasphere, the results are rather similar to those obtained for the daytime
measurements, i.e., no longitudinal dependence is observed. Nevertheless, both
the Van Allen Probes inside the plasmasphere and the DEMETER spacecraft
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observed three significant maxima at geomagnetic longitudes of about —170°,
—15°, and 75°, roughly corresponding to the East Asia, North America and Rus-
sia, respectively. Additionally, the latter two peaks are located at geomagnetic
longitudes of substantially enhanced normalized whistler rate.

The main difference between the Van Allen Probes and DEMETER is in the
frequency extent of the phenomenon. In case of the Van Allen Probes, it can be
observed from about 0.5 kHz, and the overall wave intensity decreases significantly
above about 3 kHz. The lower boundary of about 0.5 kHz can be observed
also in the case of DEMETER, however, there is other longitudinal dependence
observable at lower frequencies. Another significant frequency boundary is at
about 1.7 kHz, roughly corresponding to the critical frequency of the Earth-
ionosphere waveguide, around which the overall wave intensity is reduced. The
observed longitudinal dependence of the median power spectral density reaches
up to the top frequency used for the plots, i.e., 6 kHz, and extends up to over
10 kHz (not shown).
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Figure 4.8: Same as Figure but for the MLT interval 21-24 hours (panels a,b),
nighttime half-orbits (panel c), and for local time interval from 20 to 24 hours
(panel d). Only data measured at the times of AE < 100 are used. Reprinted
from |Zahlava et al.| [2018Db].
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Figure 4.9: Same as Figure [4.8 but only data measured at the times of 100 <
AE < 300 are used. Reprinted from [Zahlava et al. [2018b].
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Figure 4.10: Same as Figure but only data measured at the times of AE
> 300 are used. Reprinted from Zahlava et al.| [2018b].
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The question of the lower frequency limit of the longitudinal dependence was
the main topic of the discussion between Green et al. [2005], Thorne et al.| [2006],
and |[Meredith et al. [2006]. Using the Van Allen Probes data, we focus on this in
detail. Figure[4.11|shows the median power spectral density observed in individ-
ual frequency bins between 189 and 595 Hz in the MLT interval from 21 to 24
hours. The values are normalized by the maxima of individual dependences. The
dashed lines, again, mark the geomagnetic longitudes of the enhanced normalized
whistler rates. As expected, there is no sharp boundary below which the effect
would disappear completely. To some extent, even in the frequency bin between
189 and 210 Hz one can identify the intensity peaks. However, they become more
noticeable at frequencies above about 400 Hz, where the values of the intensity
minima are only about one half of the maximal values.
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Figure 4.11: Median power spectral density in selected frequency channels mea-
sured by the Van Allen Probes inside the plasmasphere in the MLT interval
between 21 an 24 hours. Individual dependences are normalized by their respec-
tive maxima. The longitudes of the largest normalized lightning occurrences are
marked by the dashed lines. Reprinted from |Zahlava et al.| [2018Db].

Further, we split the frequency range covered by the Van Allen Probes into
four intervals, for which Figures [4.12h,b show the median power spectral density
normalized by the respective maxima in the MLT intervals between 9 and 12
hours and from 21 to 24 hours, respectively. The lowest frequencies up to about
400 Hz are represented by the blue color. The green and yellow curves show the
dependences in the frequency ranges from 400 Hz to 2.1 kHz and from 2.1 kHz
to 7.5 kHz, respectively. These two exhibit significant nighttime variation of the
median wave intensity with respect to the geomagnetic longitude. It is especially
well pronounced in the case of the green one. Finally, the red color shows the
normalized median wave power at frequencies larger than about 7.5 kHz.
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Figure 4.12: a) Longitudinal dependence of median magnetic power spectral den-
sity measured by the Van Allen Probes inside the plasmasphere in the MLT inter-
val from 9 to 12 hours. Dependences obtained in individual frequency ranges are
normalized by their respective maxima and color-coded according to the legend
on the top. The longitudes of the largest normalized lightning occurrences are
marked by the dashed lines. b) Same as a) but for the MLT interval between 21
and 24 hours. Reprinted from Zahlava et al.| [2018b].

The frequency range between about 2.1 and 7.5 kHz is expected to be the
most influenced by the lightning activity as lightning-generated electromagnetic
emissions are most intense in this frequency range [Holzworth et al. [1999]. On
the other hand, the lightning effect on the frequency range between 0.4 and
2.1 kHz was a merit of discussion. Based on our results, we can confirm the
statement of (Green et al. [2005] considering the frequency extent of the longi-
tudinal dependence. However, it is not clear whether lightning constitutes for a
source of plasmaspheric hiss, or the enhanced wave intensity is directly due to
the lightning-generated whistlers.

Unlike DEMETER, the Van Allen Probes orbits cover all combinations of the
geomagnetic longitude and the MLT. This allows us to extend the Day/Night
distinction and investigate the whole diurnal variation of the longitudinal depen-
dence. Figure shows the median power spectral density of magnetic field
fluctuations observed by the Van Allen Probes as a function of the MLT (ordi-
nate) and the geomagnetic longitude (abscissa). Considering the most significant
longitudinal variation observed, the frequency range between about 0.4 and 2 kHz
was used for this plot. The dashed lines, again, mark the approximate locations
of the largest nighttime normalized whistler rate. One can clearly identify areas
of below average wave intensity at geomagnetic longitudes in between the dashed
lines in the MLT interval approximately from 18 to 6 hours. Figure[d.13p is shown
to demonstrate the nearly uniform distribution of the number of data points in
individual bins.
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Figure 4.13: a) Median magnetic power spectral density in the frequency range
between 0.4 and 2 kHz measured by Van Allen Probes inside the plasmasphere
as a function of MLT and geomagnetic longitude. The dashed lines mark the
longitudes of the largest normalized lightning occurrence rates. b) Number of
data points in individual bins. Reprinted from |Zahlava et al.| [2018b].

The 6-component measurements of the electromagnetic field vector allow for
a detailed analysis of the wave propagation parameters. One of the most im-
portant wave properties for the wave-particle interactions is the wave normal
angle, i.e., the angle between the wave vector and the ambient magnetic field
line. We distinguish quasi-parallel waves with wave normal angles lower than 30°
and quasi-perpendicular waves with wave normal angles larger than 60°. The
respective median power spectral densities are shown in Figures [4.14h and [£.14b
as functions of the MLT and the geomagnetic longitude. For the comparison,
Figure depicts the normalized whistler rate as a function of the same pa-
rameters. The dashed lines, again, mark the peaks as in Figure In order to
have a reliable wave normal angle estimation, only waves with planarity over 0.5
are considered in Figures [{.14h,b. The quasi-parallel waves exhibit significantly
larger median power spectral density compared to the quasi-perpendicular waves.
However, they do not exhibit any longitudinal dependence. On the other hand,
the behavior of median power spectral density of the quasi- perpendicular waves
well corresponds to that of the normalized whistler rate shown in Figure[d.14k. At
geomagnetic longitudes between about —40° and 20°, roughly correspondlng to
the North America, median power spectral density of quasi-perpendicular waves
is enhanced at nearly all MLTs. The largest wave intensity can be observed in
the morning sector. Additionally the median power of quasi-perpendicular waves
is enhanced in the whole morning sector, except for the longitudes roughly corre-
sponding to the Atlantic and the Pacific oceans. Finally, there is another MLT -
geomagnetic longitude interval of high median wave power between about 15 and
24 hours at geomagnetic longitudes between about 80° and 120°, corresponding
to the location of enhanced normalized whistler rate.
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Figure 4.14: a) Same as Figure , but only for wave normal angles lower
than 30°. b) Same as Figure , but only for wave normal angles larger
than 60°. c¢) Normalized lightning occurrence rate as a function of MLT and
the geomagnetic longitude. The dashed lines mark the longitudes of the largest
normalized lightning occurrence rates. Reprinted from Zéhlava et al.|[2018b].

Being significantly better pronounced in the case of the quasi perpendicular
waves, the longitudinal dependence suggests a high importance of the non-ducted
whistlers [Bortnik et al.,[2003]. This also explains the overall decrease of the wave
intensity at higher frequencies as, for each wave frequency, there is a maximal
L-shell which such a wave can reach before being reflected back. This maxi-
mal L-shell decreases with increasing frequency. Considering the eccentric nearly
equatorial orbits of the Van Allen Probes, the high frequency waves would be ex-
pected to occur only in a small portion of all measurements. In fact, the frequency
extent of the longitudinal dependence is indeed slightly different in different L-
shell ranges, reaching higher frequencies at smaller radial distances (not shown).
The causal link to lightning is also in agreement with the limitation of the effect
to within the plasmasphere, as lightning-generated whistlers are rather rare in

the plasma trough [Bell et al., 2004} |Platino et al., 2005].

In summary, |Zahlava et al.| [2018b| confirmed the observations of
that the intensity of whistler mode waves at frequencies as low as about
400 Hz exhibits a significant dependence on the geomagnetic longitude. We have
also shown that the longitudinal dependence can be observed up to about 7.5 kHz
in the case of the Van Allen Probes inside the plasmasphere. The longitudinal
dependence substantially varies with the MLT, being most pronounced in the
evening-to-morning sector, and especially in the case of highly oblique wave nor-
mals. During the day, the only observable wave power enhancement can be
found over the North America. Finally, the longitudinal dependence well follows
the lightning occurrence rates corrected for the ionospheric attenuation.
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5. Attenuation Events

In the Earth’s magnetosphere, numerous types of special wave events of both
known and unknown origin can be observed. There are several event types pro-
duced by the man-made devices. We should definitely mention the activity of
powerful military transmitters that produce narrow-band signals at several given
frequencies [Bullough et al., 1975, |Cohen and Inan, 2012]. Aside from the orig-
inal frequency bands and the sideband structures, the interaction between close
enough transmitters can result in the events based on their frequency difference
[Némec et al., 2017]. Another artificial source of electromagnetic power observed
by spacecraft is the electric power distribution network. Based on the location,
the so called Power Line Harmonic Radiation (PLHR) consists of narrow fre-
quency bands of enhanced wave intensity equidistantly spaced 50 or 60 Hz apart
[Bullough| 1995]. Rather similar pattern, but with the frequency spacing not
corresponding to the power system frequencies, can be observed occasionally at
frequencies of the order of kilohertz |[Rodger et al., [1999, Némec et al.; [2009).
Such events are known as Magnetospheric Line Radiation (MLR), and their gen-
eration mechanism is still not well understood [Rodger et al., 2000, Bezdékova
et al 2015]. However, they are believed not to be man-made [Rodger et al.
2000]. Another natural events with not yet clarified origin are Quasi-periodic
(QP) emissions consisting of consecutive nearly periodically occurring wave ele-
ments of enhanced wave intensity [Helliwell et al., [1975]. They are observed at
frequencies of the order of kilohertz, with typical modulation periods on the order
of minutes |[Hayosh et al., 2014, Bezdékova et al., 2019].

Besides the natural events produced at larger radial distances, special events
related to the lightning activity can be observed. Two types of such events are
discussed in this chapter. They were observed by the DEMETER spacecraft, one
in the VLF range [Zahlava et al., |2015] and the other in the ELF range at fre-
quencies below 1 kHz [Zahlava et al., [2018c]. Their frequency-time characteristics
are otherwise quite similar, consisting of several frequency bands of alternating
enhanced and reduced wave intensity.

5.1 VLF Attenuation Events

During its six and half year mission, DEMETER collected over 55000 frequency-
time spectrograms of power spectral density of electric field fluctuations in the
VLF range while operating in the Survey mode. FEach such spectrogram covers
one half-orbit of the spacecraft. Due to the specific spacecraft orbit, half of them
was measured during the day-time, while the other half during the night-time.
We visually inspected all these spectrograms for the presence of events similar
to that presented by Parrot et al|[2015] in their Figure 12. This example is
shown in Figure [5.1] The data were recorded on 27 February 2007 between
05:57 and 05:59 UT over the west coast of the North America, and a color coded
power spectral density of electric field fluctuations is plotted as a function of time
and frequency. The frequency range of the event is marked by the white curly
brackets. Notice the approximately horizontal bands of enhanced and reduced
wave intensity. [Parrot et al. [2015] suggested that they are likely linked to the
lightning activity.
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Figure 5.1: Color-coded frequency-time spectrogram of power spectral density
of electric field fluctuations recorded by the DEMETER spacecraft in the VLF
range on 27 February 2007 between 05:57 and 05:59 UT. The white curly brackets
show the frequency interval where the event of interest was observed. Reprinted
from Figure 12 (top) of Parrot et al. [2015].
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Figure 5.2: Frequency-time spectrogram of power spectral density of electric field
fluctuations corresponding to one of the observed events. The frequencies of
reduced intensity first decrease with time, then there is an apparent gap in the
event, and, finally, the frequencies of reduced intensity increase with time. The
data were measured on 7 February 2007. The white vertical dashed line at about
03:41 UT corresponds to the time when DEMETER crossed the geomagnetic
equator. Black bars on the top mark the time interval when the Burst mode
was active and high-resolution data were available. Reprinted from [Zahlava et al.

2015
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The visual inspection revealed that no such events can be observed in the day-
time spectrograms, however, as many as 1601 events were identified during the
night-time. An example of one of the identified events is shown in Figure[5.2] The
color-coded power spectral density of electric field fluctuations has a characteristic
pattern of alternating enhanced and reduced intensity frequency bands. The
structure contains (as in most cases) a gap near the geomagnetic equator, location
of which is marked by the vertical white dashed line. Given the assumption
of the events being of the lightning origin, the gap is most probably due to
the significantly larger wave attenuation in the ionosphere close to the magnetic
equator [Némec et al., 2008, Helliwell, 2014]. The example event was observed on
7 February 2007 between about 3:20 and 4:00 UT. The black boxes on the top
mark the availability of the Burst mode data. Finally, the white rectangle marks
the frequency-time interval shown in Figure [5.3p.

(b),
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log(uV? m*® Hz™")
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Figure 5.3: (a) Zoomed frequency-time spectrogram of power spectral density
of electric field fluctuations corresponding to the interval marked by the white
rectangle in Figure 5.2l The white rectangle marks an additional faint reduced
intensity event at lower frequencies. (b) Map showing the DEMETER locations
during the time interval analyzed in Figure [5.2| (thin curve). The part of the
DEMETER orbit corresponding to the zoomed interval from Figure[5.3h is shown
by the solid red rectangle. Parts of the DEMETER orbit with the active Burst
mode are shown by the thick black curves. Note that DEMETER moved from
the south to the north. Reprinted from Zahlava et al. [2015].

Figure [5.2| reveals several typical characteristics of the VLF events. The fre-
quencies of the alternating bands first decrease with time, and the bands get
narrower. At later times, the band frequencies increase again and the bands
widen. In some cases, only one, either falling or rising, part of the event can
be observed. The frequency spacing between the bands increases with increasing
frequency. Specifically, while the frequency spacing is about 0.2 kHz at 4 kHz it
grows up to almost 1 kHz at 10 kHz. For each event, the starting and ending
times as well as the minimal and maximal frequencies closest to the bottom of
the U shape possible were marked.

A three-minute zoom of the example event from Figure is shown in Fig-
ure 5.3p. In addition to the main event at frequencies above about 3.5 kHz,
the white rectangle marks a short-lasting rather similar structure at frequencies
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above about 1.7 kHz. The two frequencies mentioned roughly correspond to
the first two critical frequencies of the night-time Earth—ionosphere waveguide
[Toledo-Redondo et al, [2012]. Figure shows the trajectory of the DEME-
TER spacecraft during the given half-orbit (thin curve). The thick black parts
show the areas where the Burst mode was active, and the red bar marks the time
interval plotted in Figure [5.3h.
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Figure 5.4: (a) Detailed frequency-time spectrogram of power spectral density
of electric field fluctuations corresponding to the first Burst mode interval from
Figure (b) Detailed frequency-time spectrogram corresponding to a 5 s long
time interval marked by the black bar on the top po Figure p.4h. Reprinted from
Zahlava et al.| [2015].

To have a more detailed view on the event structure, the first Burst mode in-
terval marked in Figure [5.2| was used to calculate the frequency-time spectrogram
with a better time resolution. This is shown in Figure [5.4h. The plot suggests
that the event consists of numerous consecutive lightning-generated whistlers, in-
tensity of which is significantly reduced at some frequencies. This is supported
by a further zoomed view in Figure [5.4pb. The time interval marked by the black
rectangle on the top of Figure is shown. Given such evidence, it is unlikely
that the events would be produced by a frequency-dependent source. Also note
that in the zoomed plots in Figure the enhanced intensity bands seem to be
approximately horizontal, as their frequencies gradually change on longer time
scales. The evolution of the frequencies of attenuation might be of either tempo-
ral or spatial origin. Unfortunately, this cannot be clearly determined using only
a single spacecraft observation. Nevertheless, our further analysis demonstrates
that the events are most probably produced by a localized lightning source and
the frequency change is due to the changing distance between the spacecraft and
the source storm.

The identified durations of the events vary from several minutes up to about
30 minutes (principally the entire half-orbit), with most events lasting between
about 5 and 10 minutes. The exact distribution of the event durations is shown in
Figure|5.5. We note that for the purpose of the duration estimation the equatorial
gaps were ignored. Given the orbital velocity of the DEMETER spacecraft be
about 400 km per minute, we can estimate the corresponding spatial extent of
the events to be between about 2000 and 4000 km.

The events usually spanned over a significant portion of the DEMETER VLF
frequency range. Figures and show, respectively, histograms of mini-
mal and maximal frequencies of the events. Unfortunately, it was not possible
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Figure 5.5: Histogram of the observed event durations. Reprinted from |Zahlaval
et al. [2015].

to achieve much better frequency resolution than about 0.5 kHz as it was often
difficult to determine the exact minimum or maximum frequency of the event.
Especially in the case of the minimum frequencies, the equatorial gap often coin-
cided with the bottom of the event U-like shape. The events were mostly limited
to frequencies above about 3 to 4 kHz, roughly corresponding to twice the critical
frequency of the Earth—ionosphere waveguide. The upper frequency limit varies
between about 5 and 15 kHz. This is mostly due to the events gradually weaken-
ing at high frequencies, making the upper frequency limit little blurred. As was
shown in Figure [5.3h, some of the events were accompanied by additional lower
frequency parts. A histogram of minimum frequencies of these additional events
is shown in Figure [5.6c. The values are usually between about 1.5 and 2.0 kHz,
which is close to the critical frequency of Earth—ionosphere waveguide during the
night (~ 1.7 kHz).

In addition to the beginning and ending times, a central time was marked
for each event. This was selected as the moment closest to the minimum of the
event frequency dependence, and it is further considered as the event location.
Geographic locations of the events are then shown in Figure [5.7h, which depicts
color coded numbers of events in individual 2.5° x 2.5° latitude-longitude bins.
Most of the events are observed west off the Africa. For the comparison, average
lightning occurrence rates in the local time window from 20.7 to 23.7 h are shown
in Figure 5.7p. The lightning data were obtained by the spacecraft missions
LIS/OTD, and the local times selected roughly correspond to the night-time
half-orbits of the DEMETER spacecraft. Lightning activity is the largest at three
main locations, namely Africa, and both North and South America. Comparing
the two maps, one can see that the event locations appear to be somewhat related
to the lightning occurrence, but they are noticeably shifted in the west/south-west
direction.
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Figure 5.6: (a) Histogram of minimum frequencies of events. (b) Histogram of
maximum frequencies of events. (c¢) Histogram of minimum frequencies of lower
frequency events. The frequency resolution of all these histograms is 0.5 kHz.
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Figure 5.7: (a) Map of event locations. The location of a given event is determined
as the location of the DEMETER spacecraft at the time of the minimum of the
event frequency dependence. The number of events in each 2.5° x 2.5° bins is
color coded according to the scale on the top. (b) The average lightning activity
from LIS/OTD in the local time window 20.7-23.7 h is color coded according to
the scale on the top. This local time range corresponds to DEMETER night-time
half-orbits. Reprinted from [Zahlava et al. [2015].
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We note that both the lightning and the event occurrence exhibit a seasonal
variation, however, for the general overview the overall average suffices. The
observed positional shift of the events with respect to lightning can be likely ex-
plained by the event formation mechanism we suggest. This supposes that the
lightning-generated waves need to propagate in the Earth—ionosphere waveguide
over some distance in order to form the event. Given that the event formation is
likely determined by the spacecraft-to-source storm distance, one has to incorpo-
rate the spacecraft orbit in the shift calculation.

For a better comparison, we thus show a shifted lightning occurrence map
in Figure [5.8b. Assuming that the event frequency is the lowest at the time
when the spacecraft is the closest to the source storm, the relevant lightning
occurrence should be that shifted in a direction perpendicular to the spacecraft
orbit at a given location (see Figure|5.8). The visual comparison of the two maps
in Figure clearly shows that the lightning occurrence to the east/north-east
from the event location should be used. We note, however, that the reason for
the observed preferential shift in one direction can be only guessed (see below).
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Figure 5.8: (a) Trajectory corresponding to a DEMETER nightside half-orbit. (b)
Map of lightning locations from LIS/OTD shifted by 3000 km in the west/south-
west direction. The direction of the shift was determined in each location to be
perpendicular to the DEMETER orbit at the resulting shifted location, i.e., the
shifted location is the place where the DEMETER spacecraft gets closest to the
original location. Reprinted from Zahlava et al. [2015].

Another parameter coming into the shifting process is the characteristic dis-
tance. The shifted lightning occurrence was evaluated for various distances, and
the best agreement between the event locations and the shifted lightning occur-
rence was obtained for a distance of about 3000 km. However this obtained
characteristic shift corresponds to an average situation, the behavior of individ-
ual events may be clearly different both in distance and direction, as in the case
study shown in Figure [5.9

We further propose a mechanism of the event formation. It is based on the
propagation of lightning-generated waves in the Earth—ionosphere waveguide and
their subsequent leaking through the ionosphere up to the DEMETER spacecraft.
Two well pronounced events were selected for case studies to demonstrate the
idea and performance of the suggested model. Frequency-time spectrograms of
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Figure 5.9: (a) DEMETER orbit is shown by the thin curve. The thick curve
corresponds to the part of the DEMETER orbit where the event was observed.
Numbers of lightning strokes detected during this time interval by the WWLLN
network in individual 5° x 5° bins are color coded according to the scale on
the right. The thin horizontal and vertical lines mark the position of a source
storm (see text). (b) Distances between individual lightning strokes detected
by WWLLN and the DEMETER spacecraft are shown by the black points as
a function of time. The red curve shows the distance between the DEMETER
spacecraft and the location of the source storm. The black vertical line marks
the time when DEMETER gets closest to the source storm. (c¢) Frequency-time
spectrogram of power spectral density of electric field fluctuations corresponding
to the event. The data were measured on 29 March 2010. (d) Model frequency-
time spectrogram calculated using modal interference between TM1 and TM2
modes of the Earth-ionosphere waveguide. Reprinted from Zahlava et al.| [2015].
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Figure 5.10: The same as Figure but for the event measured on 22 September
2007. Note that the situation is less clear than in Figure[5.9] with several different
storms occurring in the vicinity of the DEMETER spacecraft at the time of the
event. Also note that the DEMETER spacecraft passed very close to the source
storm in this particular event. Reprinted from Zahlava et al.| [2015].

power spectral density of electric field fluctuations containing the two reduced
intensity events are shown in Figures and [5.10k. The measurements took
place on 29 March 2010 and 22 September 2007, respectively. The first two
critical frequencies of the Earth—ionosphere waveguide, i.e., 1.7 and 3.4 kHz, are
marked by the horizontal black lines. The vertical black lines correspond to the
moments when the spacecraft got closest to the source storms.

Numbers of lightning strokes detected during the events by the WWLLN are
shown in Figures and gridded into 5° x 5° map bins. The horizontal
and vertical black lines mark, respectively, the latitude and longitude of the light-
ning cluster evaluated as a source storm responsible for the event. The thin black
curve shows the DEMETER trajectory, whereas its thick part corresponds to the
time interval when the event was observed. Note that the spacecraft traveled
in the south-to-north direction during its night-time half-orbits. Distances be-
tween individual lightning strokes and the contemporary spacecraft locations are
plotted in Figures and [5.10p. The black dots represent individual lightning
strokes and the red curves mark the spacecraft — source storm distances. The
vertical black lines show the times of the closest flybys. Especially in the case of
Figure [5.9b, a significant number of the strokes is located close to the red curve.
On the other hand, lightning strokes in Figure [5.10pb suggest two other possible
source storms.

The performance of the suggested event model is shown in Figures and
5.10d. The model is based on the waveguide mode theory, considering the Earth—
ionosphere cavity to be an ideal coplanar waveguide characterized by the bound-
ary distance h, following the theory introduced in section We suppose that
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a lightning stroke produces waves that propagate in the direction of x axis and
can be described by equation

E(f,x) o exp (—ikx cosO). (5.1)

For the purpose of the calculation, we assume the Earth—ionosphere distance
h =~ 88 km, corresponding to the critical waveguide frequency f; = 1.7 kHz. For
the sake of maximal simplicity, only the first two waveguide modes are used. This
is justified by considering that higher modes get significantly attenuated on the
event characteristic distances [Parrot et al., 2008]. The resulting signal intensity
at a given distance z is then calculated as a sum of the first two waveguide modes,
using their complex amplitudes. The obtained sum exhibits an interference pat-
tern of alternating frequencies of enhanced and reduced wave intensity. Similarly
as in the case of the observed events, the frequencies of attenuation vary with the
distance from the source. Unfortunately, this model cannot explain the additional
lower frequency events below the 3.4 kHz limit. In such case, one would have to
consider the interference of TM0 and TM1 modes.

The model does roughly reproduces general characteristics of the events, how-
ever, the detailed structure differs. For a more complex result, which would better
reproduce the observed events, one should incorporate higher waveguide modes
in the calculation as well as wave attenuation in the waveguide. Additionally,
the non-planar geometry and possible inhomogeneities of the waveguide might be
eventually important.

The event locations and their rather rare occurrence is the final question
to answer. Given the event formation mechanism, their durations, and typical
time scales of lightning strokes, it is obvious that a large number of consecutive
strong strokes taking place in roughly the same location is needed for the event
formation. Additionally, the lightning-generated waves need to travel over a non-
negligible distance in the Earth—ionosphere waveguide to form the interference
pattern. Given such specific conditions to be met, the rather small number of
event observations is justified. Considering the preferentially westward shift of the
event locations with respect to the lightning activity, we suggest that it is due to
the asymmetric wave attenuation in the Earth—ionosphere waveguide described
in section The attenuation is larger in the case of westward propagation
compared to that in the eastward direction. This means that the event can be
formed at smaller distances from the source to the west from the storm, lowering
a probability of being obscured by a lightning activity from other regions.

In summary, we visually identified 1601 VLF events consisting of alternating
bands of enhanced and reduced wave intensity. Their geographic distribution cor-
responds to lightning occurrence rates shifted in the west/south-west direction
perpendicular to the night-time DEMETER half-orbit by about 3000 km. We
proposed a possible formation mechanism of the events based on the propagation
of lightning-generated waves in the Earth—ionosphere waveguide and the waveg-
uide mode interference. This model is able to reproduce and explain some of the
main event properties.
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5.2 ELF Attenuation Events

Searching through the Burst mode spectrograms obtained by the DEMETER
spacecraft in its ELF range, wave events qualitatively similar to those discussed
in the previous section were discovered. Frequency-time spectrogram of power

spectral density of electric field fluctuations containing an example of such an
ELF event is shown in Figure [5.11]
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Figure 5.11: Frequency-time spectrogram of power spectral density of electric
field fluctuations measured by the DEMETER spacecraft on 12 April 2010 from
19:32:35 UT to 19:36:00 UT. The red rectangle marks a frequency-time interval of
an example of the studied extremely low frequency events. Moreover, part of the
event selected for a detailed analysis as well pronounced and unbiased by other

wave phenomena is framed by the black rectangle. Reprinted from
2018d.

The frequency-time interval containing the event is marked by the red rectan-
gle. The events, again, consist of several alternating frequency bands of enhanced
and reduced wave intensity. Similarly to the VLF events, the bands of reduced
wave intensity form a U-shaped structure, and their frequency spacing decreases
close to the bottom of the U shape. In the case of the ELF events, one-sided
events were observed more often. As the ELF range was not monitored with a
sufficient frequency resolution in the Survey mode, only the Burst mode data is
used. In total 3,416 hours of measurements were searched and 263 ELF events
were identified and localized. Unlike the VLF events, some of the ELF events
were observed also during the day-time half-orbits, however, the majority of them
occurred on the nightside (249 out of 263). Although they exhibit a rather similar
pattern, only 4 ELF events occurred at the time of a VLF event, and a causal
link between them thus seems unlikely.

The example event is especially well pronounced in the interval marked by
the black rectangle in Figure Moreover, it is not biased by any other wave
phenomena in this frequency-time interval. Altogether, 244 such well pronounced
event parts were selected for a more detailed analysis.
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Figure 5.12: Color-coded geomagnetic map of a relative occurrence of the events.
Each 5° x 5° bin shows the ratio of the total event duration to the total time
of Burst mode measurements. The white color represents the areas with no
Burst mode measurements. The gray color represents the areas with no events.
Reprinted from |[Zahlava et al. [2018¢].

For each individual event and each well pronounced event part, the minimum
and maximum frequencies as well as beginning and ending times were marked.
The geomagnetic map of the event relative occurrence is shown in Figure [5.12]
The value in each 5° x 5° bin is calculated as a ratio between the total event
duration and the total Burst mode measurement duration. The white color corre-
sponds to locations where the Burst mode was not active, whereas the gray color
shows the areas where, despite the active Burst mode, no events were observed.
Most events were observed within about 30° from the geomagnetic equator, and
they are clustered in three main occurrence areas. These correspond to longitudes
of South America, Central Africa and the Far East. The latter two apparently
merge into one. Generally, the events appear to be more common over the land-
mass than over the ocean.

Another similarity between the two types of events appears to be in their sea-
sonal occurrence. Figure shows the fraction of the ELF(red) and VLF(green)
events observed in individual months. The plotted error bars correspond to one
standard deviation of a binomial distribution given by

o = \/p(1=p)/N. (5.2)

where N is the total number of events, and p is their relative occurrence in a
given month. It is noteworthy that the occurrences of both types of events peak
in spring and autumn, whereas only a few of them are observed in summer and
winter. The event occurrence is compared with the average flash rate (blue)
observed by the OTD/LIS. The flash rate uses the scale given by the right-hand
side ordinate. In order to obtain more appropriate results, only lightning observed
at geomagnetic latitudes within 30° from the equator and in two geomagnetic
longitude intervals (between —20° and 20° and from 70° to 220°) was taken into
account. To match the local times when most of the events were observed, the
interval between 20 and 24 hours was used. The obtained lightning occurrence
also has a peak in autumn, however, it is only slightly enhanced in spring.
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Figure 5.13: Seasonal variation of the occurrence of ELF(red) and previously
studied VLF(green) events [Zahlava et al), 2015]. The numbers of events in
individual months are normalized by the total number of events. The error bars
show one standard deviation. The blue line shows the average flash rate at
geomagnetic latitudes lower than 30° and at geomagnetic longitudes from —20° to
20° and from 70° to 220°, where the events are predominantly observed. Reprinted
from [Zahlava et al.| [2018¢].
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Figure 5.14: Histogram of the observed event durations. The spatial scale at the
top was calculated from the observed event durations using the spacecraft orbital
velocity. Reprinted from [Zahlava et al.| [2018¢].
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Figure |5.14] shows that the ELF events are usually shorter than about 4 min-
utes. Considering the nearly circular orbit of the DEMETER spacecraft, the
upper abscissa shows a corresponding spatial extent. The events are observed
over between about 200 and 1500 km. In some cases, however, the events reached
one or both ends of the Burst mode interval, and their apparent duration is thus
shortened due to the instrument settings.

In the case of VLF events described in section 5.1} the U shape was well pro-
nounced and the minimum and maximum frequencies of the events were therefore
marked at its bottom. Given that the ELF events consist of nearly horizontal
lines, the frequency limits were marked so that they framed the whole event.
Histograms of minimal and maximal frequencies of the events are shown in Fig-
ure by the green and red colors, respectively. Apparently, there is a large
group of events limited below about 500 Hz. On the other hand, the other group
spans up to the upper limit of the ELF range (1.25 kHz). Having inspected the
corresponding VLF range burst mode data, 9 events extend up to about 1.5 kHz,
and one almost up to 2 kHz. Figure shows a cumulative histogram of event
frequencies, i.e., the value in each bin corresponds to the number of events span-
ning over a given frequency interval. One can see that the events occur principally
in the entire ELF range.
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Figure 5.15: (a) Histogram of minimal (green) and maximal (red) frequencies
of the events. (b) Cumulative histogram of event frequencies; that is, the total
number of events which spanned over a given frequency is shown. Reprinted from
Zahlava et al.| [2018¢].

In order to better understand the event structure, 244 frequency-time subin-
tervals with well pronounced event structure were selected for a detailed anal-
ysis. Figure [5.16] shows the wave propagation parameters corresponding to the
subinterval marked by the black rectangle in Figure [5.11} i.e., the time interval
on 12 April 2007 between 19:35:18 and 19:35:37 UT. Figures [5.16p,b show the
frequency-time spectrograms of power spectral density of electric and magnetic
field fluctuations, respectively. The white arrows mark the manually selected
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Zahlava et al.| [2018¢].
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frequencies of individual spectral maxima. Planarity of magnetic field fluctua-
tions, defined as one minus ratio between the shortest and the longest axes of the
polarization ellipsoid [Santolik et al., [2003], is shown in Figure . Its values
span from 0 to 1, and the maximal value corresponds to a situation of a single
propagating plane wave. Figure depicts the ellipticity of magnetic field fluc-
tuations [Santolik and Gurnett} 2002]. It reaches values from -1, corresponding to
left-handed circular polarization, through 0, i.e., the linear polarization, up to 1
which corresponds to a circular right-handed polarization. The angle between the
wave normal and the ambient magnetic field is depicted in Figure [5.16f, whereas
its azimuthal direction is shown in Figure [Santolik et al., |2003|. Finally,
the angle between the Poynting vector and the ambient magnetic field and the
azimuthal direction of the Poynting vector [Santolik et al., 2010] are shown in
Figures [5.16f and [5.16h, respectively. The azimuthal direction is defined so that
the values of +180° correspond to the Earthward direction. For each subinterval,
a threshold was set on the minimum electric power spectral density in order to
select only the parts of the spectrogram with enhanced wave intensity. In this
particular case, the electric wave intensity threshold was 4 x 10" mV?-m~2-Hz '
An additional condition was set on the planarity of magnetic field fluctuations
as it, to some extent, characterizes the viability of the used methods. Therefore,
only the frequency-time intervals with the planarity larger than 0.5 are used in
the further analysis. Nevertheless, this restriction does not remove any significant
number of data points, as is demonstrated by a rather rare occurrence of blueish
color tones in Figure [5.16f. We can read that the event is formed by right-hand
polarized waves with wave vector oriented oblique to the ambient magnetic field,
pointing towards lower radial distances. The Poynting vector is oriented in the
direction opposite to the ambient magnetic field, which corresponds, in the north-
ern hemisphere, to the propagation away from the Earth toward the geomagnetic
equator. The azimuthal direction of the Poynting vector is, however, difficult to
clearly determine.

Such data selection was done for all 244 sub-events and the resulting probabil-
ity densities of wave propagation parameters are shown in Figure [5.17 Namely,
Figures [5.17p—f show the color-coded probability density of planarity and elliptic-
ity of magnetic field fluctuations, wave normal angle with respect to the ambient
magnetic field, azimuthal angle of wave vector, angle between the Poynting vector
and the ambient magnetic field, and the azimuthal angle of the Poynting vector,
respectively, all as functions of the geomagnetic latitude. The aforementioned re-
striction on planarity of magnetic field fluctuations is not applied in Figure[5.17p,
in order to demonstrate the amount of data removed. Planarity values lower than
0.5 are obtained only rarely. Most of the waves forming the event propagate in the
right-handed polarized whistler mode with rather oblique wave normals oriented
towards the Earth. Poynting vectors are mostly oriented away from the Earth
surface towards the geomagnetic equator. Prevailing azimuthal direction points
towards lower radial distances. The only exception is a small number of events
at geomagnetic latitudes between about 20° and 30°. They, however, do not
exhibit any particularly different behavior when the corresponding spectrograms
are investigated.

Coming back to the white arrows shown in Figure [5.16, we further ana-
lyzed the frequencies of the spectral maxima. Individual spectral maxima were
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numbered by their order n, with the lowest identified spectral line frequency
fo corresponding to the order n = 0. Assuming that the frequency separation
between the lines might change with the frequency, we fitted the spectral peak
frequencies by a quadratic form:

f(n) = fo+As-n+Dj-n? (5.3)

where Ay is the frequency spacing between the first two spectral maxima and
Dy is proportional to the frequency spacing change with increasing n. Figure
shows the result of such an analysis performed for the event from Figure[5.16h. In
this particular case, the frequency spacing slightly increases with the frequency.

The frequency spacing increase with the frequency is, however, not observed
for all subintervals. Histograms of the fit parameters Dy and Ay obtained from
all the subintervals are shown in Figures [5.19h,b, respectively. The distribution
of the Dy parameter, i.e., the increase of the frequency spacing with frequency,
is roughly centered at zero. There are events exhibiting both slight increase and
decrease of the frequency spacing. However, given the accuracy of the selection of
individual peak frequencies and the bandwidths of individual spectral maxima,
the obtained values are well within the uncertainty of the method. The base
frequency spacing A varies significantly, with the distribution having a broad
peak between about 5 and 60 Hz.
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Figure 5.19: (a) Histogram of the fit parameters Dy. (b) Histogram of the fit
parameters A;. Reprinted from Zahlava et al.| [2018c].

The qualitative similarity of the ELF and VLF events suggests that they are
produced by a similar mechanism, i.e., the mode interference in a waveguide. In
the case of ELF events, however, the base frequencies as well as the frequency
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spacings vary significantly between individual events. This means that a hypo-
thetical waveguide involved in the event formation would need to have a varying
dimension, and therefore also the critical frequency. The waveguide critical fre-
quency should be as low as about 50 Hz, which corresponds to the waveguide
effective height of about 3000 km.

In the case of R-X whistler mode [Stix, 1992] propagating nearly perpen-
dicularly to the ambient magnetic field, a waveguide can be formed around a
maximum of the refractive index. Such refractive index maximum is expected to
occur in the lower ionosphere at altitudes between about 90 and 120 km. This is
demonstrated in Figure that shows a color-coded refractive index calculated
for a perpendicularly propagating wave as a function of the wave frequency and
altitude. The black curve shows the local lower hybrid resonance frequency. An
approximate effective height of the waveguide found around the refractive index
maximum at an altitude of about 110 km can be calculated as an optical path s:

h=120 km
s = n(h)dh, (5.4)
h=90 km

where h is the altitude and n(h) is the local value of refractive index. The
integration is performed over the altitudinal range corresponding to the refrac-
tive index peak, assuming a specular reflection of perpendicularly propagating
waves at the altitudes of the refractive index drop. This was evaluated consid-
ering a representative frequency of 500 Hz. The plasma number density and ion
composition needed for the refractive index calculation were obtained from the
International Reference Ionosphere model [Bilitza et al., 2014] at the time and
location of the example event. Note that, according to the suggested scheme, the
events are formed at altitudes of about 110 km, then escape the waveguide and
are eventually observed by the spacecraft at higher altitudes. The wave propa-
gation parameters at the spacecraft location may thus be substantially different
from those in the waveguide.

In order to investigate whether the events are formed preferentially during
some specific conditions, various parameters were examined for possible changes
at the times of the event occurrence. Namely, we focused on the geomagnetic
activity, lightning and whistler occurrence rates, and ionospheric conditions. The
geomagnetic activity was studied using AE and Kp indices. Superposed epoch
analysis spanning from 1 day before to 1 day after the event did not, unfortu-
nately, reveal any systematic variation. A possible link of the event occurrence
to enhanced lightning activity was studied using ground based WWLLN light-
ning detections. Lightning locations were compared to the spacecraft footprints
during the events as well as several days before/after the events, with the aim to
identify a possible specific lightning activity during the event occurrence. How-
ever, this method did not reveal any significant variation of the lightning activity
at the times of the events. Similar study was performed for whistler occurrence
as derived from the DEMETER RNF data, however, with a similar negative
result. The approach of comparing the values obtained during the event oc-
currence with those obtained several days before/after effectively accounts for
any possible long-term dependences. Additionally, given the DEMETER orbit,
any dependence on geographic location or MLT is also effectively accounted for.
Finally, 22 events took place in a reasonable proximity of ionosondes of Digital
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Figure 5.20: Color coded refractive index of a perpendicularly propagating wave
as a function of frequency (abscissa) and altitude (ordinate) Reprinted from
Zahlava et al.| [2018c].

Ionogram DataBase GIRO (Global Ionospheric Radio Observatory) [Reinisch and|
Galkin|, 2011]. Again, the ionospheric characteristics at the times of the events
were compared to those shortly before/after the events, as well as to those one
day apart. Similarly as for the aforementioned parameters, neither this analysis
showed any significant changes.

In this section, special wave events observed at frequencies below about 1 kHz
were studied. Altogether, over 3400 hours of Burst mode data obtained by the
DEMETER spacecraft were visually inspected and as many as 263 events consist-
ing of alternating bands of enhanced and reduced wave intensity were identified.
Additionally, 244 well pronounced frequency-time subintervals were selected for
a detailed analysis of propagation parameters of the waves forming the events.
Finally, a possible formation mechanism was suggested based on a modal inter-
ference in a waveguide formed around the refractive index maximum in the lower
ionosphere, at altitudes around 110 km.
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Conclusion

We focused on the analysis of various lightning-related electromagnetic wave phe-
nomena observed in the Earth’s inner magnetosphere. Two principal topics were
studied.

We analyzed the contribution of lightning-generated emissions to the over-
all wave intensity observed in the plasmasphere. Two different approaches were
used. First, neural network implemented onboard the DEMETER spacecraft was
used to distinguish between the times of high and low whistler occurrence, which
allowed us to accordingly sort the corresponding electromagnetic wave measure-
ments. We were thus able to determine frequency-geomagnetic latitude intervals
where the wave intensity is correlated with the whistler occurrence rate. In the
ELF range, the results were further compared with a wave propagation direction
analysis, resulting in reasonable agreement. Second, we used the longitudinal
dependence of the lightning activity and investigated a possible longitudinal de-
pendence of the wave intensity at various frequencies. We showed that it is indeed
observed, in particular during the night and for waves with quasi-perpendicular
wave normal angles. This is consistent with larger ionospheric attenuation during
the day and unducted whistler propagation throughout the plasmasphere.

The second topic was to analyze and understand special electromagnetic wave
events observed in the ionosphere that are apparently related to the lightning
activity. They consist of several frequency bands of alternating enhanced and
reduced wave intensities whose frequencies continuously change over the event
durations. Basic properties of the events were summarized. Additionally, their
possible formation mechanisms were suggested. These are based on the modal
interference of lightning-generated waves in proper waveguides. While higher fre-
quency events are formed due to the propagation in the Earth-ionosphere waveg-
uide, lower frequency events are likely related to the propagation in a waveguide
formed around the refraction index peak in the lower ionosphere.

We demonstrated the importance of lightning generated waves for the electro-
magnetic wave environment in the Earth’s inner magnetosphere. They can both
significantly increase the overall wave intensity and result in the formation of
special, previously not well understood events. Detailed evaluation of the impor-
tance of lightning-generated waves for the dynamics of energetic particles trapped
in the Van Allen radiation belts remains to be done.
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