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INTRODUCTION

1 Introduction

1.1 The Schumann Resonance Phenomenon

The Earth’s surface and the lower ionosphere together form an electromagnetic
cavity resonator with resonance frequencies in the extremely low frequency (ELF,
3 Hz-3 kHz) band at ~8, ~14, ~20, ~26 Hz etc. (Balser and Wagner, 1960; Galejs,
1972; Madden and Thompson, 1965; Nickolaenko and Hayakawa, 2002; Price, 2016;
Wait, 1996). These resonances are named after Winfried Otto Schumann who de-
scribed them theoretically in 1952 (Schumann, 1952), 8 years before full frequency
spectra were actually observed by Balser and Wagner (1960). Schumann resonances
(SRs) are excited primarily by lightning-radiated electromagnetic (EM) waves and
the approximate number of 30-100 lightning strokes per second worldwide (Chris-
tian et al., 2003) maintains the resonance field quasi-continuously. It follows that
SRs are excellent indicators of lightning activity and distribution on global scales
(e.g., Boldi et al., 2018; Dyrda et al., 2014; Satori and Zieger, 1999; Williams et al.,
2021; Williams and Satori, 2004) and they are also known as important source of
information about the global state of the lowest part of the ionosphere (e.g., Dyrda
et al., 2015; Kudintseva et al., 2018; Nickolaenko et al., 2012; Roldugin et al., 2004b,
2003; Satori et al., 2007, 2016; Shvets et al., 2017). The possible connection between
atmospheric electricity (including SRs) and biological systems is another topic with
substantial scientific interest (e.g., Elhalel et al., 2019; Price et al., 2021; Sukhov
et al., 2021) and recently, major scientific interest arose for SRs in connection with
gravitational wave detection (e.g., Coughlin et al., 2016, 2018; Kowalska-Leszczynska
et al., 2017).

Essentially, it is the very weak attenuation rate (about 0.5 dB/Mm; Chapman
et al., 1966; Wait, 1996) of EM waves in the lowest part of the ELF band (<100 Hz)
that enables the formation of SRs. Lightning radiated EM waves can travel a num-
ber of times around the globe before losing most of their energy and the constructive
interference of the waves propagating in the opposite directions (direct and antipo-
dal waves) form the resonance structure. Most of the lightning strokes contribute to
a quasi-steady “background” field in which the overlapping pulses cannot be distin-
guished. On the other hand, SR transients (or Q-bursts) generated by exceptionally
large lightning strokes (Boccippio et al., 1995; Guha et al., 2017; Ogawa et al., 1967)
can be identified on an individual basis from ELF records in the time domain, as
they can largely exceed the average background signal strength. Fig. 1 demonstrates
how a typical spectrum in the lowest part of the ELF band look like.

Much published material has appeared in the literature describing the stan-

dard (recurrent) daily and seasonal variations of SR spectral parameters (modal
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Figure 1: Power spectral density (PSD) spectrum of the magnetic field measured at Hornsund
(Svalbard) on the 15" of January 2019 between 2 and 3 UT.

frequency, intensity and sharpness of maxima) at different stations (e.g., Fornieles-
Callejon et al., 2015; Manu et al., 2015; Musur and Beggan, 2019; Nickolaenko and
Hayakawa, 2014, 2002; Ondréaskova et al., 2007; Price and Melnikov, 2004; Roldugin
et al., 2004a; Satori, 1996; Tatsis et al., 2020; Toledo-Redondo et al., 2012a; Zhou
et al., 2013). These standard variations in SRs are mainly the consequence of the
daily and seasonal variations of global lightning activity which fundamentally affect
the observed SR spectral parameters (Satori, 1996). On the other hand, standard
variations in SRs are also connected to the effect of the day-night terminator, i.e., to
changes in the shape of the Earth-ionosphere cavity (Melnikov et al., 2004; Pracser
et al., 2021; Satori et al., 2007). The cause of this asymmetry is that the ioniza-
tion sources (Lyman-series, UV, EUV, X-ray) on the sunlit side are missing in the
nightside hemisphere and the characteristic height of the cavity increases due to
the high neutralization rate (Thomas, 1971). SR measurements demonstrated that
the characteristic variations of global lightning activity are highly recurrent on a
day-to-day and year-to-year basis (see e.g., Satori, 1996) which was confirmed by
optical observations of lightning from space as well (Christian et al., 2003; Williams
et al., 2000).

Occasional variations in SRs have also been documented, which are partly con-
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nected to transient extra-terrestrial phenomena that can modify the shape of the
Earth—ionosphere cavity and thereby to “untune” its resonance frequencies. It
is important to note that as a consequence of any change in the shape of the
Earth—ionosphere cavity all the resonance frequencies shift in the same direction
at all stations on Earth, but whether they increase or decrease depends on the ac-
tual modification of the conductivity profile in the upper atmosphere (Kudintseva
et al., 2018; Satori et al., 2016; Zhou and Qiao, 2015). Solar X-ray bursts (Dyrda
et al., 2015; Roldugin et al., 2004b; Satori et al., 2005, 2016; Shvets et al., 2017)
and solar proton events (Roldugin et al., 2003; Schlegel and Fiillekrug, 1999; Singh
et al., 2014) are known to cause such changes in frequencies (of both signs). Occa-
sional variations in SR intensity with extra-terrestrial origin have been associated
only with solar proton events (Roldugin et al., 2003; Schlegel and Fiillekrug, 1999),
and recently, indication for periods with increased SR intensity during geomagnetic
storms was demonstrated as well (Pazos et al., 2019; Salinas et al., 2016). SR mea-
surements can be used to collect additional information about these space weather
phenomena. We note that variations in SRs were also reported connected to seismic
activity (e.g., Christofilakis et al., 2019; Galuk et al., 2019; Hayakawa et al., 2020).

1.2 Schumann Resonance Measurements in the SZIGO

In this section we introduce the SR measurements operating in the Széchenyi Istvan
Geophysical Observatory (SZIGO) in Hungary based on Satori et al. (1996), Satori
et al. (2013) and Bor et al. (2020). The SR measurements in the SZIGO will be used
in this dissertation to study the El Nifno-Southern Oscillation (ENSO) phenomenon
(see Section 4).

The SZIGO, also known as the Nagycenk Geophysical Observatory (NCK), was
founded during the International Geophysical Year in 1957-58, as a dedicated re-
search infrastructure for monitoring EM phenomena related to the solid Earth, upper
atmosphere and near-Earth space. The observatory is situated on a sedimentary for-
mation embedded in woodland near Lake Fert6 inside the area of a nature reserve
(47°38" N, 16°43’' E, 153.7 m m.s.1.).

Antal Addm and P4l Bencze made the first efforts to study the variations of
natural EM fields in the SR band at fixed frequencies (8 Hz, 21 Hz, 86 Hz) in the
1960s using an L antenna, an amplifier built by Pal Bencze and a studio tape recorder
(Adém and Bencze, 1963). At the end of the 1980s, Gabriella Sétori suggested
that SRs could be observed continuously owing to the explosive development of
computational capacities. Test measurements begun in 1988 aimed to observe the
first SR mode in the vertical electric field (Satori, 1989). The old L antenna and
the amplifier was used with a new digital data collector developed at the technical

university in Budapest. Gabriella Satori reported on the first scientific results in
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1992 in Hungary (Satori, 1992) and in 1993 at the International Association of
Geomagnetism and Aeronomy (IAGA) conference in Buenos Aires (Satori, 1993).
Yet in 1993, a completely new recording system for SR measurements was installed
with a mechanically more stable ball-antenna (Fig. 2a). This enabled the regular
registration of SR spectral parameters from May onwards (Satori et al., 1996). The
metal ball on the top of the antenna is an aluminium casting, weighs around 20 kg,
and has a diameter of about 45 cm. It is placed on a 2.4 m high mount prepared
from ceramics and a special insulating plastic material. Two large copper plates
buried under the antenna assure the grounding of the system. The total weight
of the antenna is quite large, around 200 kg, in order to attenuate its mechanical
vibrations. The antenna was placed in an open flat area with well-kept grass, as far

from the surrounding trees as was possible.
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Figure 2: On the left: Electric ball antenna. On the right: The calibration of the electric ball
antenna on the 20th December, 2013.

The preamplifier with an amplification coefficient of 700 can be found just at the
bottom of the antenna inside a waterproof box. Here the power line frequency of
50 Hz and its third harmonic (150 Hz) are attenuated by 50 and 30 dB, respectively.
The main amplifier is in the recording building with changeable settings, which
makes it possible to increase the amplification further by 2 orders of magnitude. It
assures an additional attenuation of 30 dB at 50 Hz which means altogether 80 dB
suppression of the power line frequency. An analogue-to-digital converter transforms
the signal into digital records with values between +2.5 V. The effective bandwidth
of the antenna is 5 to 30 Hz.

The so called complex demodulation algorithm has been applied as an on-site
data processing method to extract the modal frequency and the amplitude of the

first three resonance modes on a quasi-continuous basis (Satori et al., 1996). This
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spectral processing technique works in the time domain and computes the spec-
tral parameters with high time resolution using time windows of ~40 s. From the
high-time-resolution data, the computer code determines hourly averages and cor-
responding standard deviations which are more often used for scientific purposes.
Retrieved parameters are rejected in the case of locally disturbed conditions. Such
parameters are not included in the hourly average values. In the first 10 years of
operation, only the spectral parameters had been stored, and the time series were
not kept due to the lack of enough storage capacity.

The electric antenna is calibrated using a wire gauze of 1 m? area mounted 1 m
over its top (Fig. 2b). Calibration signals include monochromatic excitations with
a given frequency to determine the sensitivity of the instrument. The electric field
of the calibrating net is not homogeneous due to its finite size, and therefore the
field appearing at the position of the ball antenna is calculated theoretically and
numerically. In addition, short duration peaks are also sent to the net to determine
the amplitude and phase characteristics of the recording system from the recorded
impulse responses in the full frequency range.

In November 1996, the system was upgraded with induction coil magnetometers
to also record the two horizontal magnetic components of the atmospheric electric
field in the geographic north-south and east—west directions (Satori et al., 2007).
The coils are located in a non-magnetic building of the observatory and are buried
about 1 m below the ground. In order to minimize the effect of microseismic activity
on the measurements, they were placed in concrete channels partially filled with
sand. The applied spectral technique for signal processing is the same as for the
vertical electric field component. The effective bandwidth of the whole system is
roughly in the 5-30 Hz frequency range. Helmholtz coils in the “absolute house” of
the observatory enable the calibration of the induction coils.

Unfortunately, due to the strong disturbing effect of railway lines which run near
the observatory and have been electrified after the establishment of the observatory,
the quality of the magnetic measurements is not good enough to extract high-quality
spectral parameters of SRs. Nevertheless, the magnetic measurements can still be
utilized to investigate SR transients. Parallel registration of the two horizontal mag-
netic and the vertical electric components enables the calculation of the horizontal
projection of the Poynting vector, which is an important property of transient sig-
nals. It is possible to estimate the location, polarity, and charge moment change
of the source discharge from these measurements. From 1998, an additional unit
receiving GPS signals provides timing information for the records.

In addition to the quasi-real-time calculated SR peak parameters, the digitized
raw time series of the measured field components have also been saved since 2003,

thanks to enormous improvements in data storage capacity. This important de-
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velopment enabled the investigation not only of background SRs but also of SR
transients. Analogue signals are digitized and stored at about a 500 Hz sampling
rate. This high rate of sampling enables fast processing of the data series in the
time domain.

Because of the ageing of the system over the decades, occasional renovations
were necessary. Grounding of the electric antenna was reinforced in 2012, and the
insulating lower pillar of the antenna had to be replaced in April 2019. Recently,
LEMI-120 type induction coils have been purchased to replace the old magnetic
antennas, which were originally built at the institute and had been inherited from

early magnetosonic experiments.

1.3 Motivation and Goals

In the first few decades of research on SRs, most of the work was theoretical and
few observations were available to confirm or refute the theoretical results (Satori,
2011). Since the beginning of the 1990s, the scientific interest in SRs has increased
significantly, partly due to the fact that researchers began to regard SRs not only as
an object of research, but also as a tool for investigating other geophysical phenom-
ena. Owing to the rapid development of large computer capacities and motivated by
a fundamental Science article (Williams, 1992) many SR stations started to operate
on a continuous basis worldwide which gave a new impetus for SR-related research.

Perhaps the two most important directions of SR research are the investigation of
global lightning activity and large-scale changes in the state of the lower ionosphere.
These two areas of research can by no means be considered independent, as the
effects associated with them are present together in the SR data (along with other
additional effects). To obtain reliable results on global lightning activity, one needs
to be convinced of the stability of the Earth-ionosphere cavity resonator over the
period of interest (or be able to eliminate the resulting effects) and one needs to
know the lightning-related variations in SR records to infer changes in the state
of the lower ionosphere. The present dissertation fits well into these two research
objectives.

It is a long-sought goal of SR research to reconstruct (to invert) the intensity
and distribution of global lightning activity based on SR measurements. There have
been many attempts in this field in the past, but the methods developed have not
really reached the point of application, like the investigation of specific scientific
questions or quasi-real-time data provision. Even though there is a significant inter-
est in investigating global lightning activity with climatological purposes, this is at
present severely limited by the detection efficiency of available lightning monitoring
technologies Williams and Mareev (2014). A geophysical inversion consists of two

basic parts: the forward model and the inversion algorithm. In the present case,
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the forward model determines the SRs expected from a given distribution of global
lightning activity, while the inversion algorithm reconstructs the global lightning
distribution through iteration steps, which would produce SR spectra closest to the
actual measurements. The main strength of this approach is that it does not suf-
fer from detection efficiency problems as, due to the extremely weak attenuation of
lightning radiated ELF waves, all lightning strokes with vertical extent contribute
to the measured EM fields (this makes it well suitable for climatology-related stud-
ies). Based on a few distant observation sites on the globe the inversion algorithm
determines the charge moment change distribution of lightning activity in the unit
of C2km?®/s which can be regarded as a new parameter characterising the global
climate. Furthermore, it is to be emphasized that this approach gives the intensity
of the general lightning activity in terms of an absolute physical unit not biased
by artificial event selection as in case of statistics based on the number density of
strokes or flashes. One of the main goals of my PhD work was to develop our own
SR inversion model. Our achievements in this field are presented in the first part
of this dissertation. Chapter 2 describes the forward models we apply, while Chap-
ter 3 describes our inversion algorithm. Although the inversion has not been used
routinely in our case, yet, the methodological development is essentially complete,
so we can concentrate on its use in the forthcoming years.

The second part of the dissertation presents two separate studies. Chapter 4
demonstrates that SRs are a powerful tool to investigate global lightning activity
even without the inversion, while Chapter 5 demonstrates how SR measurements can
be used to investigate space weather related changes in the properties of the lower
ionosphere. These investigations fit in well with the trend towards interpreting SR
data from multiple stations together (rather than individually) to disclose globally
detectable changes associated with large-scale processes. The application of the
inversion is an important next goal for the El Nino—Southern Oscillation related
study presented in Chapter 4, while the changes in the properties of the Earth-
ionosphere cavity on the solar cycle timescale described in Chapter 5 represent a
challenge for the SR inversion task as SR intensity changes associated with space
weather phenomena needs to be removed (corrected) to get a realistic estimation for

the intensity and distribution of global lightning activity.
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2 Modeling Schumann Resonances

In the first section of this chapter theoretical descriptions of SRs are introduced
which were originally presented in the papers by Bozoki et al. (2019); Pracser et al.
(2019) and Pracser et al. (2021) which is followed by a section about the open
source python package schupy introduced in Bozoki et al. (2019) and by a section
that presents numerical validation tests of the described models following Pracser
et al. (2021). It is to be noted that our models and validation tests have been also
introduced in Hungarian in Pracser and Bozoki (2021). The described SR models
will be applied in the next chapter, when the aim will be to reconstruct global

lightning activity based on the inversion of SR measurements.

2.1 Theoretical Descriptions

Multiple approaches have been followed in the literature to calculate the electromag-
netic field of a single lightning stroke propagating in the Earth-ionosphere waveguide.
Here, following Madden and Thompson (1965), we mention three possible methods

for the calculation:

e to regard the Earth-ionosphere cavity as a two-dimensional (2D) transmission

line and to solve the telegraph equations,

e to solve the Maxwell equations in the space between the Earth and the iono-

sphere,
e and to use the equivalent circuit method.

In our work we followed the transmission surface approach.

In this section first the transmission surface approach is described and the 2D
telegraph equation (TDTE) is formulated which is then solved for an ideal (lossless)
case. Later, the solution is modified to take into consideration losses connected to
the imperfect conductivity of the ionosphere and the conductance of air. These
solutions are given for the uniform Earth-ionosphere cavity which is then followed
by the description of an analytical and a numerical approach that can take into
consideration the day-night asymmetry of the Earth-ionosphere cavity. Finally, we
show how to model the incoherently superimposed EM field of multiple lightning

sources.

2.1.1 The Transmission Surface Approach

Theoretical descriptions of SRs are most naturally formulated in spherical coordi-
nates (r, 0, ¢). In order to make the derivations more comprehensible the following

notation conventions are used in this chapter:
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e standard physical quantities (i.e. voltage, V, current, I, admittance, Y, etc.)

are denoted by capital letters,

e the surface densities of the same quantities are denoted by calligraphic letters

(eg. Z,)),
e while linear densities are denoted by lowercase letters (e.g. 7).

The radius of the Earth’s surface is denoted by R and the height of the ionosphere
by h. The solutions described here are given in the frequency domain and are based
on the assumption that the time evolution of the EM fields can be separated from
their spatial dependence, and takes the form of exp(jwt) with various w frequencies,
where j is the imaginary unit.

We assume in our theoretical approach that the Earth-ionosphere waveguide can
be modeled as a 2D transmission surface which is a valid approximation, as the
wavelengths of the guided waves are much longer than the distance between the
Earth’s surface and the ionosphere (Madden and Thompson, 1965). In a local treat-
ment the transmission surface can be represented by elementary circuit components.
These elementary components can be described by four quantities, namely Ye,p,
(admittance) and Z¢/;, (impedance), where C' and L denote the capacitive and the

inductive elements, respectively, and can be expressed in the following general form:

Yo/, = Geyr +j - Beyr (1)
Zcy, = Reyp +7 - Xoyr s
where G is the conductance, B is the susceptance, R is the Ohmic resistance and X
is the reactance.
From charge conservation on the surface, the divergence of the surface current

density vector in the ionosphere can be written as:
Vi(¢70) = IS - yCV(¢7 6) ) (2)

where Zg is the current density of the source, )¢ is the admittance per unit area
and V is the electric potential between the ionosphere and the Earth’s surface. An

additional equation can be obtained from the differential Ohm’s law:

It follows that the natural variables of the transmission surface approach are the
voltage (V') and the surface current density vector (i), while the the electric and

magnetic field components can be expressed as:
E.=V/h, Hy=—ig, Hy=1iy4, (4)

from V and i (Madden and Thompson, 1965).
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Egs. (2) and (3) can be combined to arrive at the 2D telegraph equation (TDTE):

1
_VZLVV(¢’0) =Ts — yCV(¢79> : (5)
This equation determines the 2D distribution of the V(¢,0) voltage at a given w

frequency. The following straightforward solution of the TDTE was first introduced
in the paper by Bozoki et al. (2019).

2.1.2 Solution for the Ideal, Uniform Cavity

If we assume that the surface of the Earth and the ionosphere are perfect conductors
and there is vacuum between them, the circuit parameters become:
Zy =jwlo, Rp=0, (©)
Yo =jwCy, Gc=0,
where Cy and Ly denote the capacitance per unit area and inductance in the loss-
less case, respectively. In this subsection we also assume that the impedance and
admittance are constants on the surface, i.e. a uniform Earth-ionosphere cavity is

considered. In this case Eq. (5) simplifies to:
AV(9,0) = —Z1Ts + Z1. YV (4,0) . (7)

In order to find the solution for this equation, first we assume that the source
term can be described by a vertical Dirac-0 current impulse (representing a single
lightning stroke) and construct our coordinate system in a way that its North Pole
coincides with the position of the source. Since the source is symmetric under
rotations around the vertical axis in this case, the solution will be independent of
the coordinate ¢. A general potential on the surface of a sphere can be expressed
as a linear combination of spherical harmonics. Due to rotational symmetry, the

solution can be expressed in the form of:

V(0) =) V,P,(cost), (8)

where P, is the Legendre polynomial of degree n. The Laplacian acts on the Leg-
endre polynomials as:
1 d /. dP,(cosf) n(n+1)
— 0—— | = ————P, 0), 9
R*sing dd (Sm 6 ) g Dnleost) ©)

Note, that by exchanging the variable 6 to x = cos 6 we arrive at Legendre’s equation,

which is the defining equation of the Legendre polynomials. The source term can also
be expressed using Legendre polynomials (see e.g., Bronshtein and Semendyayev,

1997, on the completeness of Legendre polynomials):

o

1 1 2n +1
Ts = 5 5000) = 5 > 5 Pulcost), (10)

n=0

10
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where [ is the total current, which we get when integrating for the surface of the
sphere. Inserting Eqs. (8) and (10) into Eq. (7) and using Eq. (9) we arrive at:

o0

0= |iZLyCVn +
n=0

n(n+1) 2n+1
R—V Zpl—— PR P,(cosb) . (11)
Since the Legendre polynomials are linearly independent the solution can only be
achieved trivially, i.e. when all coefficients are 0. Hence, solving for V,, and inserting

it back into Eq. (8) we get:

MZ; & on +1
4mh = n(n + 1) + Vo Z1,R?

V(w,0) = P,(cos®), (12)
where we introduced the notation M = Ih, which is the current moment of the
lightning source. This way M becomes the source quantity, which is more suitable
for generalized uses.

The generalized formula for arbitrary source (¢',0") and observation (¢,d) loca-
tions can easily be acquired by replacing cosf with cos~y, where ~ is the angle
between the source and observation positions, and cos~y can be expressed in the

following form:
cosy = cosf cos@ +sinf sinf’ cos(¢p — ¢') . (13)

Using Egs. (3) and (4) and the B = pH relation, one can derive expressions for the

components of magnetic induction:

w0

RZL%V((b?e) ) B9(¢78) = -

i 0

By(6.6) = RZ; sin6 06

V(p,0) . (14)

Using these expressions as well as Eqs. (4) and (12) we can obtain the general
equations for F,, B, and By:

o0

MZy, 2n+1
0 P, , 15
Er(w,¢',0,¢,0) = Arh2 Zn(n+1)+chLR2 (cos7) (15)
,uM 87 2n +1 1
B "0’ = P 1

2 1
n Pl(cos7), (17)

By, ,,6) = ——M
o(w.¢'.0',0,0) = 47TRhSln98¢Z (n+1)+VeZLR?* "

where dP,(cosvy)/dy = P!(cos~) are the first order associated Legendre polynomi-

als.

2.1.3 Solution for the Lossy, Uniform Cavity

In a more realistic scenario the R resistance of the ionosphere and the G¢ conduc-

tance of the air are not equal to zero as it has been assumed in Eq. (6). However, by

11
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simply assigning them nonzero values the elegant analytical formalism of Eqgs. (15),
(16) and (17) would not hold anymore. Therefore, following the method of Kirillov
and Kopeykin (2002), we take the losses into account by introducing two complex
equivalents for the altitudes of the transmission surface called the inductive (hy)
and capacitive (h¢) heights, defined by the following relations (see Greifinger and
Greifinger, 1978; Madden and Thompson, 1965; Mushtak and Williams, 2002):

C:_a L::uhLa (18)
he
where -
c—c, 29 p_p, - (19)
w w

It follows that the capacitive admittance and the inductive impedance is also mod-
ified:
Ve = jwC, Zp, = jwlL, (20)
and hence, the following relation holds:
VeZ R? = —wmeh—LR? : (21)

Thus, in Eq. (12) and all other equations that follow from this one, h is replaced by
he, and Eq. (21) has to be inserted in the denominator. Hereby Egs. (15), (16) and
(17) become:

(Z0) P,(cos7), 22
B4, Z T e (@
M 87 2n+1

B "0 b0) = H Pl 23
¢(w7¢: >¢7 ) A Rhc 89 Z 7’L + 1 . wz,uehL R2 n(COS '7) 9 ( )

- 2n + 1
B "0 $.0) — P! . 24
H(W;¢ ) 7¢7 ) 47TRhC sin 0 8¢ Z TL + 1 _ w2’u€Z_éR2 n(COS /7) ( )

For the uniform calculations we use the complex, frequency dependent heights from
Mushtak and Williams (2002) (Fig.3) which is often refereed as a two-height two-
scale-height description of ELF wave propagation.

For the evaluation of the (associated) Legendre polynomials in practical applica-

tions (Eqs. 22, 23 and 24), it is convenient to use the following recursive formula:

(n+1=m)F,(x) = 2n+ DaPl — (n+m)P,(z), (25)

where * = cosf, and P° = P,. Using this relation, we only need the
first few Legendre polynomials, namely PY =1, P’ =z, P! = —(1 —2?)"/2  and
P} = —32(1 — 22)1/2,

12
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160
—— Re(hc¢) === Im(hc)

—— Re(h) === Im(h.)

120 -

80 A

N

H [km]

N

_40 T T T T

Frequency [Hz]

Figure 3: The complex, frequency dependent heights from Mushtak and Williams (2002).

In case the source is at the 8’ = 0 position this solution is equivalent to the widely
used solutions given in Mushtak and Williams (2002). To prove this statement,
first we introduce the complex, frequency dependent propagation parameter of the

spherical cavity v which can be obtained based on the following relation:

h
v(v+1) = m% , (26)

where & denotes the free space wave number (Mushtak and Williams, 2002). From
Eq. (21) it follows that:

VoZLR? = —w*pue—=R?* = —(kR)*~ = —v(v + 1) . (27)

This means that Egs. (22), (23) and (24) can be written as:

[e.9]

. M (v+1) 2n+1
Ep(w,0) = 4€wR2hC - nz PRI N e 1)Pn(cos9) . (28)
uM & 2n 41 .
B - p 2
By=0, (30)

13
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where we applied Egs. (18) and (27). As the P, Legendre function of complex order

v can be calculated as:

[e.9]

P,( 1

2 1
- L R), (31)
sin( mé=n(n+1)—vv+1)

Eq. (28) can be written in the following form:

JM v(v+1) P,(—cosf)

E,(w,0
(w.6) = dewR?  he sin(vm)

, (32)

a formula used for example by Galejs (1972); Mushtak and Williams (2002); Wait
(1996). Similarly, by applying the

PJ(—@:li( mtl  prgy (33)

sin(vm) w4 n(n+1)—v(v+1)
relation in Eq. (29) we get:

pM P)(—cosf) uM( c )21/(1/ +1) P}(—cos®)
" ARhc sin(ur) 4R \Rw hr, sin(vm)
in accordance with the solution presented by Mushtak and Williams (2002). With
the complex propagation parameter v, the voltage can be calculated as:
jMuv(v +1) P,(—cosf)

4ew R? sin(vm)

V(w,d) = (35)

There are multiple methods to calculate the complex P, and P! functions. They
can be obtained as a series of real Legendre polynomials (Wait, 1996) (see Eqgs. 31
and 33). The advantage of this approach is its simple programmability. However,
its convergence is rather slow. Therefore, the speeding up technique of Nickolaenko
and Rabinowicz (1974) is recommended for the calculation of this series. Another
method to calculate P, arises from its original definition with the hypergeometric
function (see e.g., Erdelyi, 1953):

P(-z)=F <—y V1, ;F x) . (36)

The third calculation method we present is based on the addition formula for Leg-
endre functions (Erdelyi, 1953):

P,(—cos7y) = P, (—cosfcosf —sinfsinb cos V) =
P,(—cosO)P,(cosf") + 2 Z(—l)m (37)

NV 1
%Pﬁ%— cos 0) P (cos 8') cos(mW) ,
where ¥ = ¢ — ¢/, while I' and P]” denote the Gamma function and the associated

Legendre function of order m, respectively. The application of Eq. (37) in the case of

14
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the uniform Earth-ionosphere waveguide is not effective considering its computation
time. We still present it since it shows the connection between the description of the
uniform and the non-uniform cases. Later we will show that Eq. (35) with Eq. (37)
represents a special case of the general formula describing the resonance field in the

non-uniform Earth-ionosphere cavity.

2.1.4 Analytical Solution for the Non-uniform Cavity

Kirilov et al. (1997) published an analytical method to calculate the distribution of
V' in the non-uniform case where the day-night asymmetry of the Earth-ionosphere
waveguide is taken into consideration. As a first step towards inferring the non-
uniform solution we return to the uniform case with arbitrary source location where
V has both 6 and ¢ dependence (Fig. 4a). In this case, an equivalent form of Eq. (7),

with the dimensionless complex propagation parameter v, reads as:

% ((1 - x2)2\/) +v(v+1)V=v¥+ 1)‘73;205(0') : (38)

where x = cos 8.

N

Figure 4: Left: Polar coordinates of the source (¢',0') and the observer (¢,0). ~ denotes the
angle between the source and the observer. Right: Polar coordinates of the observer ($,0) in the
Sun-directed (transformed) coordinate system. The polar coordinates of the source ($',0’) in the

Sun-directed (transformed) coordinate system can be acquired in the same way.

The solution of this equation can be derived via the separation of variables. We

look for a particular solution of Eq. (38) in the following separated form:

V(9,0) = Vp(¢)Vi(0) - (39)

The equation governing V;(#) then becomes:

g (0= 5) 0 (s - 125

Th (40)
JLshc /
= 1
o+ )2 s 1),
while for V,(¢) it is:
52
PrA —m*V,, (41)
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where m is the separation variable. The solutions for Eq. (40) are the associated
Legendre functions P (cosf) and P"(— cos#) while the solutions for Eq. (41) are
cos(m)) and sin(m). However, the latter solution cannot fulfill the singularity
property of the voltage V' at the source location. Therefore, the general solution

reads as:
[ee)

V=c Z [c1,m P (cos8) + com P (— cos 0)] cos(ma) . (42)

m=0
In the case of the uniform waveguide the coefficients ¢, ¢ ,,, and ¢z ,, must satisfy only
one condition, namely that V should have a singularity only at the source location,
where finite power must flow into the waveguide from a point source, which requires
an infinite field strength locally. The coefficient ¢ is determined by the singularity
property of the Legendre function and the source strength. Note, that P!*(— cos6)
and P"(cosf) in Eq. (42) have singularities at # = 0 and 6 = 7, respectively. We
can also obtain a formula of type (42) for V' from Egs. (35) and (37). The latter
equation determines the coefficients c; ,, and cs .

Including the day-night asymmetry with this analytical model relies on the as-
sumption that the surface of the Earth can be divided into two regions (dayside and
nightside) and the waveguide is uniform within each region. Conveniently, one can
perform a coordinate transformation to a system where the z-axis points towards
the Sun and the day-night terminator is represented by a constant coordinate. In
this new coordinate system, where the boundary conditions take a convenient form,
we denote the coordinates of the Sun, the terminator, the source and the observer
by ©; (= 0°), ©; (= 90°), (9',0') and (P,0), respectively (see Fig. 4b). The two
hemispheres can be described as:

vy if © < O,
v= (43)

v, if © > 6,
hence, in the non-uniform case Eq. (42) is valid in the dayside and in the nightside
domain but with different v indices of Legendre functions (v, or v,). For our non-
uniform calculations we use the complex ionospheric heights h(cd), hgd) and h(cn), h(Ln)
from Kulak and Mlynarczyk (2013), which correspond to the dayside and nightside
domains, respectively, from where v4 and v, can be obtained based on Eq. (26). The
coefficient ¢ is the same as in the uniform case (see Eq. 35):

. JMuvg(vs + 1)
4ewR? sin(vem)

(44)

where s = {d,n} depend on the location of the source. The ¢; ,,, and ¢, coefficients
can be calculated from the boundary conditions that V' and 0V/0© must be con-
tinuous at the day-night terminator. Furthermore, V' should have singularity only

at the position of the source.
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Now let us suppose that the source is on the dayside (0" < 6;). To calculate ¢y,

and ¢y ,,, coefficients, we first introduce the following quantities:

F(Vd —m + 1) ’
bim = €m(—1)" P (—cos®'), 45
1, € ( ) F(Vd + m + 1) I/d< COS ) ( )
I'(vg—m+1)
by = €n(—1)" P" ! 4
2,m Em( ) F(Vd+m+ 1) yd(COS® )7 ( 6)
Ry, = —bom | P (—cos© )ﬁPm(— ©y)
m = ~ham | By (= cosO) 5= by (= cos O,
h(n) . 0 .
_ ﬁPyn(— cos @t)%Pyd (— cos @t)]
: , (47)
X |:PVTZ(COS @t)%P,Zf(— cos O;)
+ hTLd)PVn(— cos @t)%Pyd (cos @t)] ,
0 bo,m Py (— cos ©;) + R, P (cos ©) | (48)
P (—cos ©y)
where R, is the reflection coefficient, d,, is the propagation coefficient and
en=1 if m=0,
(49)

Em =2 if m>0.

Next, we need to distinguish between two cases in respect to the relative position
of the source (0’) and the observer (0). If © < @', i.e. the observer is closer to the

Sun than the source, the coefficients are:

Clom = bl,m + Rm ) (5())
Cg7m = O s (51)
while in the case when ©’ < ©:
Cl,m = Rm 9 <52>
Com = b2,m . (53)

If © > ©,, which means that the observer is on the nightside, the coefficients take

the following form:

Cl,m = O, (54)
CZ,m = dm (55)

These equations require the accurate calculation of the Gamma function with a

complex argument. In our code the numerical calculation of the complex Gamma
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function was performed based on the method of Lanczos (1964). In the uniform case
(where hgl) = h(Ld)) R,, =0, d,, = by, and we obtain a version of Eq. (35), where
the Legendre function is calculated with the addition formula (Eq. 37). Similar
formulas exist for the case when the source is on the nightside.

To transform the original coordinate system (¢,0) to the Sun-centered spherical
coordinates (®,0) the cosine and sine theorems for spherical triangles should be
applied. Choosing the ® = 0 meridian of the Sun-centered coordinate system to
cross the North Pole of the original coordinate system (see Fig. 4b) the spherical

triangle theorems can be applied:

cos©® = cosfscosf + sin b sin O cos(ps — @) , (56)
sin 6

WD — s _ .
sin sin(¢s — ¢) ey

The same equations apply for the primed coordinates as well.

(57)

To obtain the magnetic components in the transformed coordinate system
Eq. (14) should be applied. Since we need to take the partial derivatives with
respect to the original coordinates the chain rule of derivation has to be used:

ov._ovoe IV od

90 0000 0 o0

oV ovoe IV od

9~ 0005 0900
The partial derivatives of © and ® against § and ¢ can be obtained from Egs. (56)
and (57).

(58)

(59)

2.1.5 Numerical Solution for the Non-uniform Cavity

Our numerical solution of Eq. (5) was first introduced in Pracser et al. (2021) and

can be regarded as a modified version of the solution given by Galuk et al. (2018).

Instead of discretizing the original form of Eq. (5) we first integrated it in order to

obtain linear connections in V' between neighbouring nodal points. We expected an

increase in numerical accuracy owing to this step. The discretization requires a grid

(0;, ¢;,i=1..N, j =1...M) on the Earth’s surface which is illustrated in Fig. 5.
An equivalent form of Eq. (5) reads as:

1
divfgradV—l—wzC(V—i- Vi) =0, (60)

which follows from Eq. (20) and the Vs = Zs/)c relation. By integrating this

equation over the domain A and applying Gauss theorem we arrive at the following

1
/anrad Vdl + // W CVds = —//wQCVsds, (61)
A A

dA
where dA is the boundary of A and n is the normal vector perpendicular to dA.

form:

This equation contains only the first derivatives of the voltage which can be replaced
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(ei—lr¢j)
Li—1,j-1 GCi—1,j-1 Li—1,j Ci-1,j
dA
A
(6i, §j—1) (6, ®)) (6, ¢j+1)
Lij-1 Cjj-1 Lij Cij
(6i+1,9;)

Figure 5: Discretization of the Earth’s surface.

by ratios of finite differences. Let us denote the voltage at the node (i,5) by V, ;.
This way the first term on the left side of Eq. (61) can be approximated by:

1 1 Vij —Viciy A¢
: 0. A@
(Li—l,j—l " Lz’—l,j) Ap " ( 1y ) 2

1 1\ Vigry — Vi Ag
by Ty 9 A@
" (Lm—l - Lm’) Af s ( - > 2

1 1 Viji—Vij AQ
+ + . ——
Li,j—l Lz‘+1,j—1 sinf; Ag 2

+<L+ ! ) Vigr = Vi 20
Li,j Li+1,j S1n 07, Agb 2

(62)

while the second term on the left-hand side becomes:
AOAP

1
(.UQV;’]‘RQ [sin <0i—1 + §A9) (Ci—l,j—l + Ci—l,j)
(63)

1
+ sin <9i + §A9) (Cij—1 +Cij)] .

The right-hand side of Eq. (61) is 0 except at the node occupied by the source. This
way the V;; voltage values are determined by a system of linear equations. In our
numerical algorithm A6 = A¢p = 1°, i.e. the number of grid points is 179 x 360 + 2.

In our code the source must be assigned to a specific node but the observer can
be at any location as we can interpolate between the nodes. Let us suppose that for
the 6 and ¢ coordinates

0; <0 <011, ¢<¢<9j1, (64)

where 0; and ¢; are grid point coordinates. In this case we expect for V(¢,0) the

following form:

0) = Z Z i1 Pr(cos B) cos(lg) . (65)

k=0 =0
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The coefficients ¢;; can be calculated from the nearby values of the voltage in the
nodes (Vipn, m =i —1,...i+2,n=j—1,..,5+2). This calculation is a problem
of fitting that leads to a system of linear equations, the solution of which gives the
coefficients ¢ ;. The partial derivatives required for the magnetic field components
(Eq. 14) are calculated by differentiating Eq. (65) with respect to 6 and ¢.

It is to be emphasized, that this numerical solution is applicable for any distri-
bution of the propagation parameter v and not only for the special case of cavity

non-uniformity described in Section 2.1.4.

2.1.6 Modeling Multiple Sources

As it has been discussed in the Introduction it is not possible to distinguish single
lightning strokes in the “background” SR measurements. Therefore, the Earth’s
surface has to be divided into elementary source zones characterized by average
M(w) = Ids(w) current moment values. Superimposed lightning strokes are inco-
herent in nature, therefore to obtain the effect of multiple sources their power spec-
tral density (PSD) values must be added (Nickolaenko et al., 1996; Shvets et al.,
2009). The PSD of the current moment yields the following unit:
A*m?  C*/s*m?  C*m?
H=z H=z s

This quantity represents the measure of lightning activity in ”background” SR re-
search (Dyrda et al., 2014; Shvets et al., 2009) and can be interpreted in the following
way. The radiated field from a lightning flash is proportional to the total charge

[PSD(I1ds)] =

(66)

transferred times the vertical distance that charge is moved, i.e. the charge moment
change (CMC) (Qds) of the source (Heckman et al., 1998). As the radiated field is
proportional to the CMC, the energy is proportional to the square of the CMC. We
can get a quantity that is proportional to the energy radiated by lightning sources
within a time unit (one second) by multiplying the radiated energy with the average
stroke rate (A, [\] = 1/s). This quantity has the unit of:

C?m?

[CMC?] * [A] - (67)

that is exactly the source term we apply. It follows that one needs to calculate the
PSD of the measured field component to be in accordance with this description. As
the channel length of lightning strokes is in the order of km, it is more common to
use the unit of C2km?/s for the source term.

From Eqgs. (22), (23) and (24) it is clear that each field component can be de-

scribed in the following compact form:

Ey(w,¢",0,0,0) = M(w) * Gp(w,¢",0',0,0) (68)

By(w,¢',0,0,0) = M(w) * Gpo(w,0'.0",0,0) (69)
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By(w,¢",0',6,0) = M(w) * G g(w,¢',0',0,0) , (70)

where G, G and Gpy are the frequency responses of the cavity for the elec-
tric and magnetic field components, respectively. It follows that, for example, the
magnetic field at different observation places can be described by the following ma-
trix equation, where we assume m different elementary source zones and n different

observation places:

|Gp11l? |Ggaz2l? -+ |Geaml* | | |S1]? | By|?
G 21G 2...G 2 S5 2 B, 2
Gpail”| Bf?’?‘ | |G B.2.ml | :2| _ \ ?| | 1)
|GB,n,1‘2 ’GB,n,Q‘Q |C7VB,n,m‘2 ’Sm’2 ‘Bn’2

where G denotes the frequency response of the Earth-ionosphere cavity to a
source of unit strength within the k' source zone measured at the j* observation
site, Sy = |Ids(w)|; and B} is the PSD of the measured magnetic field. For the
sake of simplicity, the matrix equation is written for only one frequency and for one
magnetic field component. However, this can be generalized for multiple frequencies
and for the two magnetic and one electric field components. In general the magnetic
induction vector on the right side of Eq. (71) should be replaced by F. ;;, where the
first index (c) represents the electromagnetic field component (E,, By or By), the
second one (j) the observation site and the third one (1) the frequency. In that case
Gpjr in Eq. (71) has to be replaced by G . As the current moment spectrum
of a typical lightning stroke is assumed to be flat in the ELF range, S? values do
not depend on the frequency. The short form of the generalized description reads

as follows:

Gs=", (72)

where vector s and f contains the S; and F7,; values, respectively.

2.2 The Open Source Python Package schupy

In Bozoki et al. (2019) the open-source python package schupy and its very-first
function forward_tdte had been introduced which enables the simulation of SRs
generated by an arbitrary distribution of lightning sources specified by the user
and returns the theoretical electric and magnetic fields at the user-specified loca-
tion. The forward tdte function applies the analytical solution corresponding to
the lossy, uniform cavity described in Section 2.1.3, and can simulate point sources
as well as extended ones. It is possible to specify the size of the extended source,
which the code will represent as randomly distributed point sources (100 points as a

set-in value) within the given radius from the center of the source, which has a total
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intensity specified by the user. The code calculates the squared absolute value of the
investigated electromagnetic field components corresponding to the power spectral
density (PSD) of the recorded electromagnetic fields in real SR measurements (see
Section 2.1.6). The method of the complex ionospheric height calculation can be set
either to "mushtak” corresponding to the height calculation proposed by Mushtak
and Williams (2002) or to "kulak” corresponding to the height calculation proposed
by Kulak and Mlynarczyk (2013). Geographic locations of the sources and of the
observing station can be visualized by schupy, making use of the cartopy pack-
age for visualization of the Earth!. The schupy package is available via the pip
package manager system (https://pypi.org/project/schupy/) and the project’s
Github page: https://github.com/dalyagergely/schupy, where a more detailed

technical description is presented as well.
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Figure 6: Convergence of the theoretical spectra of the |E,.|?> component for different source-

observer distances. n denotes the maximal order of Legendre polynomials to sum.

Following Bozoki et al. (2019) we present three tests based on the
schupy.forward_tdte function. First, the convergence of theoretical spectra is
tested, then the spectra generated by two antipodal sources is compared and fi-
nally the difference between the spectra of point and extended sources is investi-

gated. These tests demonstrate the usefulness of schupy in investigating SR-related

Thttps://scitools.org.uk/cartopy/docs/latest/
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Figure 7: The same as Fig. 6 but for the |By|?> component. Note, that the upper limit of the y

axis is different for the two shortest source-observer distances than for the other cases.

scientific questions.

2.2.1 Convergence of Theoretical Spectra

As it can be seen in Eqs. (22), (23) and (24) the electromagnetic field components
of SRs can be calculated as an infinite summation of (associated) Legendre polyno-
mials. Practically, only a finite number of summation can be done (up to n), thus
the question arises: at what n can we accept the result? It is to be noted, that the
answer depends on the source-observer distance.

In order to investigate this problem we carry out a test where the positions of
a point-like lightning source with 10° C?km?/s source intensity are: (0°, 5° E),
(0°, 10° E), (0°, 20° E), (0°, 40° E), (0°, 90° E) and (0°, 180° E), respectively and
the theoretical spectra are determined for the (0°, 0°) location in each case. The
theoretical spectra are calculated for the following values of n: [10, 50, 100, 500,
1000, 5000]. All the positions are on the Equator, therefore the |By|* component is
always zero. The results are shown in Fig. 6 and Fig. 7.

It can be noted that the electric component converges faster than the magnetic.
Our conclusion is that in most cases n = 500 should be enough except for By when

the observer is close to the source (< 5°). In Figs. 6 and 7 it can be seen that the
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resonance peaks are not always symmetric. This is especially the case closer to the
source. This property of the resonance curves can be attributed to the presence of
traveling waves which transmit energy from source to the resonator (Kulak et al.,
2006).

2.2.2 Theoretical Spectra of Antipodal Sources

This test is devoted to comparing theoretical spectra of antipodal sources. Here,
our motivation is to gain more insight about non-uniqueness, which manifests as
parallel equivalent solutions for the SR inversion task (see e.g., Pracser et al., 2019).
In a lossless cavity antipodal sources would produce exactly the same spectra at
arbitrary location on Earth. However, the Earth-ionosphere cavity is lossy, which is
taken into account by introducing h; and h. complex equivalents of the altitudes.
The question is, in what extent does the theoretical spectra differ in this formalism.

We place two sources with same intensities of 10° C2 km? /s at antipodal positions
(0°,90° W) and (0°, 90° E) and determine the theoretical spectra for the following
locations: (0°, 0°), (0°, 15° E), (0°, 30° E), (0°, 45° E), (0°, 60° E) and (0°, 75° E).
As in the previous test, all the positions are on the Equator, therefore the |Bg|*
component is always zero.

It can be seen that in the midpoint (0°, 0°) theoretical spectra are exactly the
same (Figs. 8 and 9). However, apart from this specific point the two spectra are
noticeably different. We note that the resonance frequencies corresponding to the

antipodal sources are usually different as well.

2.2.3 Point Versus Extended Source

In this test we compare the theoretical spectra of a point source with those of
a distributed source (with a radius of 1 Mm). Both the centroid position of the
extended source and the location of the point source are (0°, 0°) and we determine
the theoretical spectra for the equatorial distances of 20°, 30°, 60°, 90°, 120° and
150°. The extended source consists of 100 randomly distributed sources within the
given radius with a total intensity of 10° C?km?/s, the same value as set for the
point source. Figures 10 and 11 shows the results for the |E,|* and |By|? component,
respectively. As in the previous two studies |By|? is always zero. The absolute
difference between the theoretical spectra generated by the two kinds of sources is
quite small. We note that 90° is a nodal distance for the first and third mode of the
electric component and for the second and fourth mode of the magnetic component.

At this distance the spectral intensities are nearly 0.
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Figure 8: Theoretical spectra of the |E,.|?> component at different observer positions for the two
antipodal sources. The orange and blue lines mark the theoretical spectra of the sources at the
(0°, 90° E) and (0°, 90° W) locations, respectively.

2.3 Numerical Validation Tests

As it has been described in Sections 2.1.4 and 2.1.5 the TDTE (Eq. 5) can be solved
either analytically or numerically. In both approaches some inaccuracy of the algo-
rithms can be expected and this is particularly true for the non-uniform case where
the day-night asymmetry of the Earth-ionosphere cavity is taken into consideration.
An analytical solution requires the summing of nested infinite series that often con-
verge very slowly (Nickolaenko and Rabinowicz, 1974). In the numerical solution
the unknown continuous function is estimated only at certain discrete points and
this worsens the accuracy of the calculation. Therefore, we consider it an important
task to implement both methods and compare their output by means of numerical
tests (Pracser et al., 2021).

We carry out three different numerical tests to compare the output of our two
independent models. In each test we calculate the squared absolute value of the
investigated electromagnetic field components corresponding to the power spectral
density (PSD) of the recorded electromagnetic fields in real SR measurements (see

Section 2.1.6). This is the quantity commonly extracted from SR measurements.
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Figure 9: The same as Fig. 8 but for the |By|? component.

For the calculations we use the complex ionospheric heights proposed by Kulak and
Mlynarczyk (2013).

2.3.1 7.9 Hz in the Uniform Cavity

Our first test is performed for the uniform case. We compare the |E,|* values of the
analytical and the numerical calculations for f = w/27 = 7.9 Hz (the approximate
value of the first Schumann resonance mode) as a function of the angular distance
between the source (with an assumed source strength of 6 x 10* C?km?/s) and
the observer. As it can be seen in Fig. 12 both models produce practically the
same output (the two results agree within 0.2% over nearly the entire domain),
only a slight difference can be observed near the source, where the solutions become
singular. Fig. 12 reflects the basic spatial structure of the first SR mode, namely
that the electric field has a minimum near 90° and a secondary maximum at the

antipode, i.e. at the angular distance of 180° from the source.

2.3.2 7.9 Hz in the Non-Uniform Cavity

In our second test we compare the analytical and numerical calculations for 7.9 Hz
for the non-uniform Earth-ionosphere cavity including day-night asymmetry (Fig. 13

and Fig. 14). In order to do so we fix the position of the source and the observer
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Figure 10: Theoretical spectra of the |E,.|> component for different source-observer distances cor-

responding to a point (blue) and an extended (light blue) (radius = 1 Mm) source.

and vary the position of the Sun. In the test shown in Fig. 13 (for the electric
component) and Fig. 14 (for the magnetic component) the Sun is located at the
Equator and both the source (10° N, 0° E, 6x 10 C? km?/s) and the observer (70° N,
60° E) are in the Northern Hemisphere. It follows that the day-night boundary
has north-south direction. As a reference we have determined the |E,|* and |By|*
values for the uniform cavity with dayside and nightside propagation parameters,
respectively. At 7.9 Hz the real parts of the complex ionospheric heights take the
following value: Y = 53.1 km, h;d) = 101.4 km, KM = 62.5 km, hl(n) = 114.5 km
(Kulak and Mlynarczyk, 2013). In accordance with our expectation the intensity
for the non-uniform model lies between the nightside-only and dayside-only models.
We can conclude, that the agreement between the two model outputs is excellent
(the relative difference is less than 0.05% and 0.08% for the electric and magnetic
components, respectively). When interpreting the figures it is important to take into
consideration that the day-night terminator is 90° (in longitude) from the position
of the Sun. There are four discontinuities in the electric field component (Fig. 13)
corresponding to the cases when the day-to-night transition (dawn) meets the source
(Sun position: 90°) and the observer (Sun position: 150°) as well as when the

night-to-day transition (dusk) does the same (Sun positions: —90° and —30°). The
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Figure 12: The electric field intensity at 7.9 Hz for the uniform Earth-ionosphere cavity as a

function of the distance from the source at 0° determined by our analytical and numerical models.

The two results agree within 0.2% at angular distances larger than 15°.

magnetic field component (Fig. 14) is continuous when the day-night terminator

crosses the observer location, which follows from the continuity of the current density

components perpendicular to this boundary.
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Figure 13: The electric field intensity at 7.9 Hz for the uniform and non-uniform Earth-ionosphere
cavity as a function of the Sun’s position determined by our analytical and numerical models. The
two results agree within 0.05%. Red and blue arrows mark the Sun positions corresponding to
the night-to-day (dawn) and day-to-night (dusk) transitions at the source (light colors) and the

observer (dark colors).
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Figure 14: The same as Fig. 13. but for the # component of the magnetic field intensity. Here the

results of the two non-uniform models agree within 0.08%.

2.3.3 Full Spectra in the Non-Uniform Cavity

Finally, we test our calculations on full spectra similar to what we obtain in practice
from SR measurements. For this test we use three sources to represent the prominent
continental ”chimneys” with geographical coordinates (0° N, 80° W), (7° S, 20° E)
and (0° N, 110° E), and with source strengths of 6 x 10* C2km?/s, 9 x 10* C? km?/s
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and 6 x 10* C?km? /s, respectively. We calculate the spectra for two observation
sites, one at (77° N, 15° E) (representing the Hornsund ELF station of the Polish
Academy of Sciences in Svalbard) and the other at (44.3° N, 142.2° E) (represent-
ing the Moshiri ELF station in Japan). Fig. 15 shows the spectra obtained with
our analytical and numerical models for the |E,|? and |By|* field components at
these locations with the expected resonance peaks at ~8 Hz, ~14 Hz and ~20 Hz.
Once again excellent agreement is noted between the results produced by the two

approaches which agree within 0.4% over nearly the entire domain.
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Figure 15: Modelled spectra for the |E,|? (a,c) and |Bg|? (b,d) field components. Subplots (a) and
(b) correspond to the observation site at (77.0° N, 15° E) while subplots (c¢) and (d) correspond
to the observation site at (44.3° N, 142.2° E). The results agree within 0.4% over nearly the entire

domain.

2.3.4 Conclusions of the Validation Tests

The three tests show a conspicuous conformity between the output of the analytical
and numerical models, which can be regarded as the validation of the two methods.
As the two solutions are based on completely independent mathematical formalisms
the conspicuous conformity between the outputs establishes not only the correctness
of the formalisms but the correctness of the implementations (the coding) as well.
To the best of our knowledge Pracser et al. (2021) was the first paper to verify this

conformity between the two solutions.
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3 Inversion of Schumann Resonance Measure-
ments

This chapter describes our inversion algorithm (Précser et al., 2019) aimed to de-
termine the intensity and distribution of global lightning activity based on SR mea-

surements.

3.1 Introduction

Lightning activity is getting increasing attention in the research community as it
is recognized now as an essential climate variable by the Word Meteorological Or-
ganization (WMO) indicating the changing climate of the Earth. The underlying
reason for that is the nonlinear relation between the lightning activity and surface
temperature (Williams, 1992). Efforts are now underway to monitor its long-term
characteristics on local, regional, and global scales, including the stroke occurrence
rate, the average charge transfer, and the distribution of thunderstorm affected areas
(e.g., Blakeslee et al., 2014).

Optical detection carried out by satellites provides one possibility to study light-
ning activity on global scales. Although satellites in Low Earth Orbit are not able
to detect lightning strokes shielded by clouds or outside the suborbital swath, sta-
tistical studies are an important output of such measurements (e.g., Christian et al.,
2003). However, continuous monitoring of a specific thunderstorm area is not pos-
sible with this method. A major advance for continuous lightning detection in the
American sector came with the Geostationary Lightning Mapper instrument on-
board the new generation Geostationary Earth Orbit satellite GOES-R (Goodman
et al., 2013) and in the Asian sector with the Lightning Mapping Imager instrument
onboard the FengYun-4A satellite (Yang et al., 2017).

On the other hand, ground-based monitoring of global lightning activity with
practical independence from the actual cloud thickness and from the time of the
day also serves as an important method with much lower foundation requirements
for lightning research. Most of the ground-based lightning monitoring techniques
are based on the EM signal generated by lightning and propagating within the
Earth-ionosphere waveguide for the detection. As lightning radiated power peaks
in the VLF frequency range (3-30 kHz; Wait, 1996) one possibility is to monitor
global lightning activity with a network of VLF receivers such as the World Wide
Lightning Location Network (WWLLN)?2. Although wave attenuation in the VLF
band is relatively small (about 10 dB/Mm; Barr et al., 2000), several hundreds of

receiver stations are necessary to achieve global coverage with such a system. At the

2http://wwlln.net
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moment the detection efficiency of the WWLLN lies around a few tens of percent,
from which it is only possible to give rough estimations on global lightning activity
(Biirgesser, 2017; Hutchins et al., 2012). This available technology prevents the
detailed quantitative comparison of lightning activity on continental scales on time
scales ranging from the diurnal to the interannual.

Wave attenuation in the lowest part of the ELF frequency range (<100 Hz) is
much smaller (about 0.5 dB/Mm; Chapman et al., 1966; Wait, 1996) and enables
the investigation of global lightning activity with only a few (1-20) receiver stations.
In contrast to VLF methods detection efficiency does not arise as a difficulty in the
ELF band because all individual lightning discharges with vertical extent contribute
to the SR field. Since the ice-based process of charge separation in thunderstorms is
gravity-driven, charge is basically separated vertically in the thundercloud so every
lightning flash in the atmosphere (intracloud and cloud-to-ground alike) is expected
to contribute to the SR intensity. An average charge moment change can be derived
from SR measurements in absolute units of C2km?/s (see Section 2.1.6), a quantity
not biased by chosen event selection criteria as in case of statistics based on the
number density of strokes or flashes provided by other methods.

Previously several attempts were made to determine the global lightning dis-
tribution based on SR records. Heckman et al. (1998) presented 10 days of inverse
calculations using three component (Hys, Hew, Ez) field measurements at the Rhode
Island station. Their approach assumed three thunderstorm regions at fixed loca-
tions, computed their contribution to the measured fields, and tried to find the best
linear combination of source intensities to reproduce the measured spectrum. Shvets
(2001) proposed an inversion technique based on the linear and nonlinear combina-
tion of the electric and magnetic field power spectra in order to infer worldwide
lightning activity without any preliminary supposition about its spatial structure.
While Shvets (2001) worked with the solution of the 2D telegraph equation, later
Ando and Hayakawa (2007); Ando et al. (2005) and Yang et al. (2009) used 3D
finite difference equations for the SR modeling. These methods enabled the deter-
mination of the 1D distribution of lightning intensity relative to one observation
point. Later, Shvets and his co-authors (Shvets and Hayakawa, 2011; Shvets et al.,
2009, 2010) implemented a two-stage inversion process called “ELF tomography.”
After determining the 1D lightning distribution from a few observation sites their
model combined the results into 2D maps of worldwide lightning activity with a
second inversion step. Dyrda et al. (2014) characterized the lightning activity of the
African thunderstorm center based on a single ELF station in Poland, Hylaty. After
applying spectral decomposition to the SR data (proposed by Kulak et al., 2006) the
activity and the distance of the most powerful African thunderstorm center has been

derived with 1° spatial and 10-min time resolution. The authors demonstrated that
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the inferred 1D lightning activity maps are in good agreement with satellite mea-
surements. It is to be mentioned that this was the first work using two-scale-height
ionospheric characterization for the SR inversion task but only for the simplified 1D
case. For more details about the motivation and history of SR inversions we rec-
ommend the work of Nickolaenko and Hayakawa (2014), where the authors devote
an entire chapter to this thriving topic (Inverse problem of SR). We would like to
highlight one further work on SR inversion, namely, the PhD thesis of P. H. Nelson
(Nelson, 1967), which serves as the basis for our technique and has been further

improved during our work.

3.2 Description of the Inversion Algorithm

Geophysical inversions in the case of electromagnetic methods are usually based on
the knowledge of the source of electromagnetic field and the goal is to determine the
electrical properties of the medium. However, in the inversion of SR measurements
the situation is just the reverse. The medium where the wave propagation takes
place (the Earth-ionosphere waveguide) is assumed and the goal is to determine the
locations and strengths of the sources.

Here we mention two different approaches for this procedure. One option is to
assume a limited number of sources and then determine both their location and
intensity (Williams and Mareev, 2014; Williams et al., 2014b). However, in this
case the unknown parameters of the inversion are physically different, i.e. source
coordinates and intensities. In general, this can be less favorable for the stability of
the inversion. Another possibility is to assume a relatively large number of sources
(in order of 10-100) on a given grid with fixed locations and the inversion algorithm
estimates only the intensities of the grid points. All the grid points are accounted
for in the inversion, and for locations without source activity the inversion algorithm
assigns a negligible amount of intensity. In our algorithm this second approach has
been implemented and hereafter, the given grid is called the inversion grid.

The inversion task means the solution of Eq. (72) for the unknown |S|? values
characterizing lightning activity within the k® elementary source zone. Because of
the use of squared values the forward calculation is linear; theoretically, a simple

minimization could be used in the least squares sense
|Gs — f|2 = min. (73)

However, this would not be appropriate as the measured data contain noise and the
applied Earth-ionosphere model is just an approximation to the real one. Therefore,
negative values for source strength could be obtained as well. In Shvets et al. (2009)
this problem is solved by means of the nonnegative least squares algorithm. To avoid

negative source strengths our inversion algorithm uses the logarithms of the source
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intensities, i.e. |S;|? = elF*l substitution. As a result, the forward modeling is no
longer linear and an iterative linearized inversion technique has to be used starting
from initially assumed model parameters.

The applied linearized inversion is based on the singular value decomposition
(SVD) of the Jacobian (Jackson, 1972; Lanczos, 1960)

J =UAVT, (74)

where the columns of U and V matrices are the eigenvectors u, and vy in the data
and parameter spaces, respectively, and superscript T denotes transposition. The
diagonal matrix A contains the \; eigenvalues in descending order. Eigenvectors with
0 eigenvalues are omitted from the matrices U and V. The u; and vj eigenvectors

and \; eigenvalues fulfill the following relations:
JVk = )\kuk s JTuk = /\ka s JTJVk = )\2Vk s k=1.m. (75)

Here we assumed that m < n; that is, the problem is mathematically overdetermined
(in general, min(m,n) determines the number of eigenvalues to be used). In our case

the elements of the Jacobian are
Jc,j,l,k’ == |Gc,j,l,k;|2Lk: s ] == 1...n, k= 1...m, (76)

where the L, term in the Jacobian is the consequence of the logarithmic equation.
Based on the singular value decomposition (Eq. 74), the generalized inverse of the

Jacobian can be written as (Lanczos, 1960)
J'=vAlUuT. (77)

The benefit of the SVD method (Eq. 74) is that the reliability of the inverted pa-
rameters can be inferred from the distribution of the eigenvalues. In general, the
number of the highest eigenvalues indicates the number of reliable model parame-
ters. Based on Eq. (77), the change (A) of the model parameters in each iteration
step can be calculated as

Al = VAT'UTAF, (78)
where vector 1 contains the logarithms of the |S;|? values.

However, Eq. (78) is mathematically an ill-posed task (indicated by the very high
ratio between the highest and lowest eigenvalue of G). Therefore, its regularized
version has to be used (Tikhonov and Arsenin, 1977), where the matrix A~! is
modified, so that its k™ element is

v:ﬁ , (79)
where « is the damping factor, which can be determined by specifying a given value

for the ||Al|| parameter change. This modified SVD means the minimization of
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I|Gs — /|2 so that ||AL||2 < 8. A large damping factor belongs to a small ||Al|| and
vice versa. The JTAf vector can be expressed by the linear combination of the vy,

eigenvectors of the SVD via

I'AF =" cpvy . (80)
k=1
The same is true for ||Al||,
k=1
where the 1, coeflicients are
Ck;
ly = ———. 2

It follows that « is the solution of the equation

m 2
B - — <)\i + Oé) ) (83)

where [ is equal to the [|Al|| parameter change. If

Emj (;-%)2 <8, (84)

k=1

then « is equal to 0. In our inversion algorithm [ is relatively small (« large);
that is, during an iteration step, only a small change of parameter is allowed. This
restriction increases the number of iterations, but due to rather fast SR modeling
(in case of the uniform model), the calculation is still relatively fast (100 iteration
steps require a few seconds). The calculation of « is explained in more detail in
Tikhonov and Arsenin (1977).

Our general experience is that the inversion result is practically independent of
the selection of § within a reasonable range. By “reasonable range” we mean the
avoidance of too high values when the parameters can fluctuate strongly during the
iteration and the inversion becomes unstable and also the too small values when the
inversion gets very time-consuming. Our experience is that a reasonable range of
is between 1% and 20%.

3.3 Test With Synthetic Data

This section is devoted to describing the most important synthetic tests we have
carried out to demonstrate the applicability of our inversion algorithm. In the
following five tests we presume three sources within the three major thunderstorm
regions on Earth, solve the forward modeling with respect to the observation sites,
and invert the source strengths from the generated synthetic data by applying our

linearized inversion algorithm. In the first four tests the presumed lightning activity
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represents the early morning hours in UTC when South-American (SA) activity is in
decline, the Maritime Continent (MC) activity is increasing, while Africa (AF) isin a
quiet phase (8 x 10* C? km? /s source intensity in South America, 3 x 10* C?km?*/s in
Africa, and 8 x 10* C? km? /s in the Maritime Continent). In Test 5 the daily average
of global lightning activity is represented with African dominance, South America
and Maritime Continent in second and third place, respectively (8 x 10* C?km? /s
source intensity in South America, 1 x 10° C?km?/s in Africa, and 7 x 10* C2km?*/s
in the Maritime Continent). The lightning activity maps from the inversion and
the inferred integrated lightning activities for the main thunderstorm regions in
comparison with the initially assumed source values are presented for all the tests.
We also list the ratio of the first and the third eigenvalues of the SVD, indicating the
reliability of the three most intense inverted source parameters, and the mean root-
mean-square fitting error of the inverted to the synthetic spectra. The inversion is
better when these two values are smaller. In our sixth test we draw some conclusions
about non-uniqueness, which is the consequence of parallel equivalent solutions for
the SR inversion task.

Our tests represent the six-station magnetic field measurements operated by the
HeartMath Institute (https://www.heartmath.org/research/global-coherence/; see
their position marked with blue rectangles in Fig. 16). While Nelson (1967) and most
of the SR-based inverse calculations use only the SR spectral parameters (modal
frequency, intensity, and Q factor), we propose to apply the whole obtainable SR
frequency range. In that manner the problem is more mathematically constrained.
However, the appropriate examination of data quality becomes even more impor-
tant because the intervening parts of the spectra are more often contaminated by
noise than the spectral peaks. Our investigated power spectra consist of 50 equally
spaced frequency samples from 6 up to 24 Hz, so the six observation sites contribute
altogether 6 x 2 x 50 = 600 data points. The two perpendicular components of the
magnetic field (Byg : north-south and Bgw : east-west) are usually measured with
a pair of induction coils, where the NS coil is oriented along the local geographical
meridian (measuring B,) and the EW coil is perpendicular to it (corresponding to
By).

A uniformly spaced inversion grid with 10° x 10° angular resolution has been
chosen near the equatorial continental region (from 100° W to 150° E and from 10° S
to 20° N) for the tests. This grid is composed of 104 grid points (model parameters)
in total. The initial source intensity was 1 C2km?/s for all the points within the
inversion grid, which is entirely negligible compared to the real source activity of
the order of 1 x 10> C?km?/s. This means that there is no initial assumption about

the lightning distribution.
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Figure 16: (a—d) Result of the Tests 1-4. The sources obtained from the inversion are marked
with orange circles with areas proportional to their calculated intensities. Blue squares denote the

six HeartMath observation sites.

3.3.1 Test 1 With Noise-Free Data

In the first test the location of each presumed source falls on the inversion grid
(South America: 0° N, 80° W; Africa: 10° N, 20° E; Maritime Continent: 0° N,
100° E) and the observed spectra are noise free. The inversion finds the position
and the intensity of lightning activity with high accuracy and without any initial
information about the sources (Fig. 16a). The assumed and inverted integrated
intensities for the major thunderstorm regions are in excellent agreement (Table 1)
while the mean root-mean-square (RMS) error is extremely small on the order of
1079 pT?/Hz (Table 1).

3.3.2 Test 2 With Added Noise

In this test the location of each assumed source falls on the inversion grid (South
America: 0° N, 80° W; Africa: 10° N, 20° E; Maritime Continent: 0° N, 100° E)
but significant data error with an assumed Gaussian distribution (with 20% relative
error) is added to the generated synthetic spectra. Although some false source
activity appears in the calculation (Fig. 16b), the inferred total source activity of
the main thunderstorm centers are obtained with good accuracy (Table 1). RMS
error increased by 4 orders of magnitude compared to Test 1. However, A; to A3

ratio shows that the inversion result is still very stable.

3.3.3 Test 3 With a Source Outside the Inversion Grid

It is obvious that positioning the assumed sources exactly on the inversion grid is a

very idealistic case. Therefore, in this test the assumed African source does not fall
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Assumed
Source Source Test 1 Test 2 Test 3
Intensity
SA | osx10t | 1000% | 913% | 102.8%
AF | osx10t | 1000% | 1043% | 100.6%
MC | osx10t | 1000% | 1055% | 971%
RMS | ! | 5.02x1076 | 273x 1072 | 1.1x 1072
A /As | - | 4a3r | aesr | 479

Table 1: Inversion model parameters for the Tests 1-3. The assumed source intensities are given in
C? km? /s while the values obtained from inversion are in relative units compared to the presumed
one. Note that while the second column refers to point sources the source intensities from inversion
are integrated over the corresponding thunderstorm region. The last two rows contain the RMS
fitting error and the ratio of the first and third eigenvalue of the SVD.

onto one of the inversion grid points (South America: 0° N, 80° W; Africa: 5° N,
20° E; Maritime Continent: 0° N, 100° E). Instead, it is placed between the (0° N,
20° E) and (10° N, 20° E) grid points (see Fig. 16c). The synthetic data contain
Gaussian noise (with 7% relative error). While the inverted and assumed intensities
for the thunderstorm centers are still in reasonable agreement, now the relative
ranking of South America and the Maritime Continent has changed compared to Test
2 which can be attributed to non-uniqueness. It seems that the program estimates
the intensity of the African source well while it distributes its total source activity
between the grid points next to the presumed source center. Therefore, we can
conclude that our algorithm handles this situation well. However, based on the
ratio of the first and the third eigenvalues the stability of the inversion worsened

compared to the previous tests.

3.3.4 Test 4 With One Omitted Observation Site

In our tests each measurement provides 100 data points while the number of in-
version model parameters is 104; therefore, the inversion problem is mathematically
overdetermined. The possible effect of a data gap at an observation site can be inves-
tigated, which still remains an overdetermined problem. Therefore, within this test
we omitted the observation sites one by one. The synthetic data contain Gaussian
noise (with 7% relative error), and the presumed sources are in the same position as
in Tests 1 and 2 (South America: 0° N, 80° W; Africa: 10° N, 20° E; Maritime Con-
tinent: 0° N, 100° E). Figure 16d shows the case when observation site 6 has been
omitted, and Table 2 summarizes the numerical results of the test. The high A\ /A3
ratio indicates the stability of the result despite the data gaps. Based on the RMS
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error the inversion is most vulnerable to a data gap at observation site 6 (in New
Zealand). We note that observation site 6 is the farthest from every other station

and therefore probably provides unique information about the lightning activity.

Assumed
Source | Source Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Intensity
SA | 8x10* | 10L2% | 101.2% | 101.9% | 1001% | 99.2% | 98.8%
AF | 3x10t | 983% | 100.6% | 1003% | 997% | 99.3% | 98.6%
MC | sx10t | 994% | 997% | 98.0% | 1005% | 100.9% | 102.6%
RMS | - | 44x1073 | 3.4x107% | 3.6x10% | 41x107 | 4.3x1072 | 5.0x10-?
Ms | - | a9 | a2ra | asie | 4445 | 4286 | 499

Table 2: Inversion model parameters for Test 4 in the same format as in Table 1. The columns

with observation site numbers mark the omission of this site in the multistation inversion.

3.3.5 Test 5 With Adding Observation Sites One by One

This test is aimed to investigate the improvement of the results by adding more and
more stations to the calculations. The observation sites are added to the calcula-
tion one by one in accordance with their numberings. First, we invert the source
distribution using only the data from observation site 1, then from the data of obser-
vation 1 and 2, etc. Here the presumed source intensities represent the daily average
global lightning distribution (8 x 10* C?km?/s source intensity in South America,
1 x 10° C2km?/s in Africa, and 7 x 10* C?km?/s in the Maritime Continent) and
they are located on the inversion grid (South America: 0° N, 60° W; Africa: 10° N,
20° E; Maritime Continent: 0° N, 100° E; see Fig. 17). An error is added with
Gaussian distribution (with 5% relative error) to the generated synthetic data. It is
obvious that the quality of the inversion result increases when adding more and more
stations (see A;/A3 and RMS values in Table 3). Furthermore, it can be concluded
that one or two stations are not enough for reconstructing the global lightning ac-
tivity (see the 26% relative error in the intensity reconstruction of the Maritime
Continent), whereas the six-station inversion seems to produce reliable results. As
the intensity of the presumed lightning activity differs from the previous tests we
can conclude that the model is able to reconstruct lightning activity independently
of the presumed distribution and intensity of the sources. However, the mean RMS
is smallest for six-station inversion.

It is to be emphasized that here we assume only three dominant lightning sources.

If this assumption is not fulfilled in a real situation then probably more observation
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sites are needed to reconstruct global lightning activity properly.

Assumed
Source | Source Site 1 Site 1-2 | Site 1-3 | Site 1-4 | Site 1-5 | Site 1-6
Intensity
SA | 8x10' | 101L6% | 102.6% | 102.6% | 982% | 994% | 100.9%
AF | 10x10t | 87.0% | 1004% | 1005% | 1007% | 981% | 100.2%
MC | 7x10t | 1264% | 96.2% | 99.2% | 100.6% | 1020% | 99.2%
RMS | - ] 6.0x107% | 42x107% | 25x107% | 2.3x107% | 1.8x107% | 1.7x1073
M | - | asso | asso | a7es | sosa | sss4 | 5120

Table 3: Inversion model parameters for Test 5 in the same format as in Table 1. The column

header marks the sites used for the actual inversion.
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Figure 17: (a—f) Result of the Test 5. The notations are the same as in Fig. 16.

3.3.6 Test 6 About Non-uniqueness

At this point it is appropriate to mention a problem connected with SR, inversions
which was first discussed by Nelson (1967), namely, non-uniqueness, which manifests
as parallel equivalent solutions for the SR inversion task. Phase information is lost
when the Sy values are squared. As a consequence, propagation direction cannot be

assigned to the wave propagation. Therefore, one real source and a “fake” one at the
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same distance but in the opposite direction from the monitoring station in the case
of magnetic measurements yield similar spectra at the station and so they cannot
be distinguished. Furthermore, a lossless cavity model would contain two further
fake source positions referring to the antipodal pairs of the above two. This problem
arises mainly with the nearly diametrically opposite South-American and Maritime
Continent thunderstorm centers as it manifests as a high correlation coefficient (0.87)
between the eigenvalues corresponding to these two sources in the noise-free test.
By adding more stations to the calculation the problem gets more specified which
helps to resolve non-uniqueness. This issue has to be investigated in more detail in
the future.

In order to get more information about this important issue we have carried out
a sixth test with two exactly antipodal sources, one in South America (0° N, 60° W)
and one in the Maritime Continent (0° N, 120° E). As our goal is to determine
whether the inversion code is able to distinguish between them we assigned different
source strengths to them, that is, 1 x 105 C?km?*/s and 5 x 10> C? km?/s to South
America and to Maritime Continent, respectively. Our result is that the program is
indeed able to reconstruct the difference between the two lightning zones as we got
101% of the initial source intensity for South America and 98.4% for the Maritime
Continent. Our experience is that this result is independent of the initial guess of
source distribution. Therefore, we can conclude that non-uniqueness connected with
two antipodal sources can be resolved by the losses in the cavity, at least in this

simplified situation (only two sources and six observation sites).

3.4 Conclusions

In this chapter we have introduced our SR inversion model based mainly on the
PhD thesis of P. H. Nelson (1967). Our aim is to determine the distribution and
intensity of the global thunderstorm activity in absolute units (C?km?/s) from a
few SR receiving stations which could serve as an important indicator of the Earth’s
changing climate. The logarithm of the source term has been used in order to avoid
negative source intensities. As a consequence the forward modeling is nonlinear,
and so we have introduced a linearized inversion algorithm which is based on the
singular value decomposition of the Jacobian. In our program a relatively large
number of sources with fixed locations are used on a so-called inversion grid and the
algorithm estimates the source intensity of each grid point. As not just SR peaks but
also the intervening part of the SR spectrum is determined primarily by lightning
activity and by wave propagation in the cavity we use the whole obtainable SR
frequency range for the inversion in order to make the problem as mathematically
constrained as possible. The reliability of our algorithm has been demonstrated

via six synthetic tests which represent the six-station magnetic measurements of
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the HeartMath Institute. In our tests three active source centers were assumed
representing the three major thunderstorm regions on Earth. The most important

conclusions of these tests are the follows:

e The model is able to reconstruct lightning activity reliably without any prelim-

inary information about the presumed source intensity and distribution.

e Although noise in the data definitely worsens the accuracy of the source loca-
tion, it barely influences the correctness of the integrated intensity calculated

for the main thunderstorm regions.

e The ratio of SVD eigenvalues in the different tests does not fluctuate strongly
(4.274 < A\1/A3 < 4.816), which confirms the reliability (stability) of the in-

ferred total intensities.

e The algorithm is capable of handling source activity falling between the inver-

sion grid points, although some false activity might appear as a consequence.

e A data gap at one of the investigated six stations does not influence the results

significantly.
e Increasing the number of SR stations does improve the quality of the inversion.

e While data from one or two stations seem not enough to reconstruct the global
lightning activity, the six station inversion produce reliable results in case of

three dominant lightning chimneys.

e The problem of non-uniqueness manifested as a high correlation coefficient
(0.87) between the SVD eigenvalues corresponding to the nearly antipodal

South-American and Maritime continent thunder storm centers.

e The algorithm is able to distinguish between two exactly antipodal sources due

to the lossiness of the cavity.

We admit that there are countless further possibilities which could supply impor-
tant information about the model. However, we wanted to restrict ourselves to the
most interesting ones. We hope that we could call attention to the importance and

usefulness of synthetic tests.
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4 Global Lightning Activity on the ENSO
timescale

This chapter demonstrates that SRs are a powerful tool to investigate global light-
ning activity by presenting our results connected to the El Nino-Southern Oscillation
(ENSO) phenomenon published in Williams et al. (2021).

4.1 Introduction

The El Nino—Southern Oscillation (ENSO) is an irregularly repeating interannual
variation with alternations between a warm (EI Nifio) and a cold (La Nina) phase, as
measured in sea surface temperature. Both ENSO episodes have worldwide influence
on the global climate but the warm El Nino period can cause more dramatic changes,
manifest in heavy rainfall or severe drought, mainly in the tropical and subtropical
regions (Allen et al., 1996). A challenging and up-to-now unresolved issue is the
prediction of occurrence and magnitude of El Nino episodes. As with the effects
of ENSO, the main global lightning activity worldwide can also be found in the
tropics, in three dominant continental regions known as the lightning ‘chimneys’:
the Maritime Continent together with the Indian subcontinent, Africa (including the
Congo Basin) and the Americas (including the Amazon Basin of South America).
The World Meteorological Organization (WMO) recently declared lightning as one
of the essential climate variables (Aich et al., 2018) which underlines the importance
of lightning research in studying the impact of ENSO on global climate.

Several studies have looked at the ENSO phenomenon with a focus on its possible
effect on lightning activity in selected regions and with emphasis on distinguishing
the behavior in the warm phase and the cold phase. For example, the flash rate was
higher over the Maritime Continent in the peak warm phase of March 1998 than
during the following cold episode in March 1999 of the super El Nino of 1997/98
(Hamid et al., 2001). Comparison of lightning activity in the El Nifio (2002) and La
Nina years (1998-2001) showed that lightning activity over India increased by nearly
18% in the seasonally-matched warm period (Kandalgaonkar et al., 2003). Evidence
for increased lightning activity in the Indian subcontinent and Southeast Asia during
the El Nifo phase was confirmed by several other works as well (e.g., Ahmad and
Ghosh, 2017; Kumar and Kamra, 2012; Tinmaker et al., 2017; Yoshida et al., 2007;
Yuan et al., 2016). Analysis of seasonal rainfall and lightning activity showed a
strong correlation with ENSO episodes over the central and eastern Mediterranean
Sea (Price and Federmesser, 2006). The increased wintertime Southeastern U.S.
lightning (thunderstorm) activity during 1997-1998 was attributed to the enhanced
synoptic-scale forcing associated with the ENSO (Goodman et al., 2000). Global
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lightning has also been examined from an ENSO perspective by Chronis et al. (2008)
and Satori et al. (2009). Dowdy (2016) has suggested the potential for seasonal
forecasting of lightning and thunderstorm activity in various regions throughout
the world by studying large-scale modes of atmospheric and oceanic variability.
According to his results, ENSO has the strongest relationship with lightning activity
during each individual season.

In early ENSO/lightning studies, Williams (1992) found a close correlation be-
tween the surface temperature anomaly (Hansen and Lebedeff, 1987) and the hori-
zontal magnetic field component of SRs observed at West Greenwich, Rhode Island
in the period 1969-1974, spanning two warm and two cold ENSO episodes. The
meridional redistribution of global lightning was deduced from SR frequency varia-
tions during the super El Nino event of 1997/98 (Satori and Zieger, 1999). Later,
independent evidence for the meridional as well as zonal redistribution of global
lightning was given for the super El Nino event of 1997/98 and a moderate El Nino
episode in 2002/2003 based on OTD/LIS satellite observations (Satori et al., 2009).
It was also shown that the global lightning activity tends to increase worldwide dur-
ing warm ENSO events over land, especially in the Maritime Continent and India
(Satori et al., 2009). Beggan and Musur (2019) studied the possible relationship
between SRs and Madden Julian Oscillation (MJO) in 2013-2018. They have found
that the periodical variations of SR spectral parameters (intensity, frequency) and
MJO are occasionally in phase but exclusively in the years under La Nina condition
before and after the super El Nifio of 2015/16.

The great majority of studies addressing the ENSO-lightning relationship have
dealt with the general behavior of lightning activity during the ENSO warm and
cold episodes, respectively. One notable exception is Guha et al. (2017) who studied
the warm-to-cold ENSO transition in 2009/2010. Few studies have focused on the
temporal evolution of continental-scale lightning activity on the ENSO timescale.
The transition period from peak cold phase to peak warm phase represents many
months and occasionally more than one year. Here we study global lightning on
a monthly basis in the time period of two super El Nifio events in 1997/98 and
2015/16 based on SR observations. Although these two extreme climate events
were markedly different in some important aspects (Chen et al., 2017), we aim to
reveal common signatures in their evolution with attention focused on their effect on
continental-scale lightning activity. We shall also be concerned with the precursory
signature of ENSO lightning on the global temperature, given earlier evidence that
heat is transferred from the ocean to the tropical atmosphere in the warm phase, and
subsequently transferred to the global atmosphere (Trenberth et al., 2002). These
findings will hopefully contribute to the better understanding and predictability of
ENSO in the future.
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Figure 18: (a) The ENS-ONI index and (b) the global monthly mean surface temperature change
in the time period of 1993-2019. Gray-shade background highlights the super El Nino time periods
1996-1999 and 2013-2016 investigated in this study. In the upper plot warm (El Nifio) periods are

shown in red and cold (La Nifa) periods are shown in blue.

4.2 Data and Methods

For our analyses we have selected the two strongest El Nino events of the last quarter
century, in 1997/98 and in 2015/16, which are often called ‘super’ El Nifio events?
due to their extraordinary large magnitude (Fig. 18). From the numerous different
indices characterizing the ENSO phenomenon, the Ensemble Oceanic NINO Index
(ENS-ONI) has been selected which is an observation-based and real-time index
given with monthly time resolution. The ENS-ONI index is determined by averaging
sea surface temperature anomalies in an area of the east-central equatorial Pacific
Ocean (Nino-3.4 region).

The global context of the tropical ENS-ONI index in Fig. 18 is exposed by the
comparison of the record of global monthly mean surface temperature change from
NASA*, on the same time scale. This record is included here to show a well-known
result that El Nino events transfer heat from the ocean to the atmosphere (Trenberth
et al., 2002), a process that ultimately warms the global atmosphere. Accordingly,
the peak El Nino times in Fig. 18 lead the maxima in global air temperature by
times of order 2-3 months, with the largest peak temperatures linked with the two
extreme events.

At the Nagycenk Geophysical Observatory (NCK, 47.6° N, 16.7° E) in Hungary
the continuous recording of the SR spectral parameters corresponding to the vertical
electric field began in May 1993 (see Section 1.2). The applied complex demodula-
tion algorithm provides the frequency and the amplitude of the first three SR modes

(Satori et al., 1996). Time periods with unrealistic spectral parameters, e.g. due to

Shttps://www.webberweather.com/ensemble-oceanic-nino-index.html
4nttps://data.giss.nasa.gov/gistemp/graphs_v4/
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local weather conditions, were removed manually. We utilize this dataset over the
four-year-long time period of 1996-1999 to investigate the evolution of the super El
Nino event of 1997/98. Two-component magnetic observations at MIT’s SR station
in West Greenwich, Rhode Island (RID, 41.6° N, 71.7° W) are also used in case of
this super El Nino event. Modal parameters for the SRs at RID are extracted from
spectral intensity by Lorentzian fitting (Boldi et al., 2018; Mushtak and Williams,
2002).

Magnetic SR measurements at Hornsund (HRN, 77.0° N, 15.6° E), Eskdalemuir
(ESK, 55.3° N, 3.2° W), Alberta (ALB, 51.9° N, 111.5° W) and Boulder Creek
(BOU, 37.2° N, 122.1° W) stations were processed in the 4-year long time period
of 2013-2016 to investigate the evolution of the super El Nino event of 2015/16.
The HRN station is operated by the Polish Academy of Sciences at Svalbard, the
ESK station by the British Geological Survey in the UK, and the ALB and BOU
stations by the HeartMath Institute® in the United States and in Canada, respec-
tively. These sites are equipped with a pair of induction coil magnetometers aligned
with the geographical north-south direction (Hyg) and perpendicular to it (Hgw).
The measurements were bandpass-filtered and 10 min-average spectra were gener-
ated for the two magnetic components separately. The weighted average method
as in Musur and Beggan (2019) was applied to obtain the SR spectral parameters
(intensity and frequency). Time periods with unrealistic spectral parameters were
manually removed from the dataset. The SR data from the HRN station are not
available between September 2015 and March 2016 due to technical reasons.

In this study we calculate the monthly average diurnal variation of the first SR
mode’s intensity (/1) with 10-min time resolution, i.e. a (12x144) matrix character-
izes each processed year (the 10-min time resolution yields 6x24=144 intensity values
for each of the 12 months within a year). The main advantage of this approach is
that in addition to highlighting the months with unusual SR intensity it provides
the UT time characteristics of the anomaly as well, which has crucial importance
in the interpretation of the results. In order to reveal possible ENSO-related varia-
tions in 7;(12,144) it is necessary to remove the substantial seasonal variation (see
e.g., Satori, 1996) in the data. Therefore, we introduced a normalization process as

follows: 7 7
It norm [%] = 100% ——12 (85)

1,av
where I ,,(12,144) denotes the 4-year average of I[1(12,144) (1996-1999 or
2013-2016). In practice, this means that the average value for all the months of
e.g., January is removed from each of the four years to leave the residual value.
Hereafter, we call this quantity “normalized SR intensity.”

In order to support our SR-based results and to reveal the origin of the observed

Shttps://www.heartmath.org/gci/
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anomalies in SR intensity, selected months of the two investigated time periods are
analyzed based on independent data sets of lightning observations as well. Monthly
averages of the 2.5° x 2.5° gridded flash number density (flash/km?) data provided
by the OTD satellite (Cecil et al., 2014) are applied for the time period of the super
El Niflo event of 1997/98 (neither OTD nor LIS data were available for the second
event). In addition, monthly averages of 1° x 1° gridded World Wide Lightning
Location Network (WWLLN®) flash rate (flash/1° x 1°) data, based on very low
frequency (VLF) observations, are analyzed for the super El Nino event of 2015/16
(WWLLN data were not available for the first event).

4.3 Results

The interpretation of SR intensities as a global lightning indicator is not immediately
straightforward to nonspecialists in meteorology and climate studies, and so some
discussion on this aspect is appropriate in advance of the presentation of the results
themselves. To interpret the SR-based results to be shown in Figs. 19-21 it is
important to be aware of the characteristic diurnal variation of SR intensity which
is strongly coupled to the diurnal variation of global lightning activity. The major
part of global lightning is concentrated in the tropical continental regions, which can
be divided into three main areas: the African, the American, and the Asian lightning
“chimneys” (Christian et al., 2003). As the most intense time period of lightning
activity corresponds to the afternoon hours in local time (Williams et al., 2000), the
activation of the main lightning chimneys occurs separately in universal time. The
maximum SR intensity corresponding to the Asian, the African, and the American
chimneys are usually at around 8, 15, and 20 UT, respectively. This property of
lightning activity is mirrored by the diurnal variation of SR intensity and makes it
possible to distinguish the contribution of the different chimneys to the observed
increase in SR intensity. It is important to note that an electric antenna is isotropic
in its response and so for all wave propagation directions. In contrast, the magnetic
coils are most responsive to electromagnetic waves propagating perpendicular to
their orientation, and thereby they yield additional information about the direction

of lightning activity connected to the observed anomalies in SR intensity.

4.3.1 Results Based on SR Measurements

Figure 19a shows the ENS-ONI index and Fig. 19b presents the normalized SR
intensity variation of the Ez field component at the NCK station between 1996 and
1999, a 4-year time period corresponding to the super El Nifio event of 1997/98.
The most conspicuous intensification in the normalized intensity of SRs occurs in
February (~70%) and in April (~90%), clearly in the transition of ENSO from

Shttp://wwlln.net
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the La Nina to its El Nino phase (Fig. 19a). The intensification is not uniform in
UT time but maximizes near 10-14 UT (Fig. 19b) when the lightning in the Indo-
Gangetic Plain in northern India is most active, a region previously highlighted for
exceptional lightning activity (Albrecht et al., 2016; Cecil et al., 2014; Guha et al.,
2017; Kandalgaonkar et al., 2005). In contrast, only minor intensification is evident
during the warm phase in the normalized SR intensity which is more evident in
November and December 1997 in Fig. 19b where the yellow colors replace the light
blue ones. Later on, a notable suppression of activity is evident during the declining
period of the warm phase (January, February, March, and April of 1998). The world
maps show the location of the two distant SR stations: NCK (Fig. 19¢) and RID
(Figs. 19d and 19e). The vertical electric field component (Ez) was measured at NCK
and the two horizontal magnetic field components (Hys and Hgyw) were recorded in
RID. The E; antenna is responsive to any direction while the induction coils are
the most sensitive for the great propagational circle path perpendicular for the coil
axis. The orange and green lines in the maps (Figs. 19d and 19e) indicate those
directions. Diurnal variations of the first SR mode’s intensity in April 1997 (red)
are compared with April 1996 (blue) for the Ez field component at NCK (Fig. 19h),
for the Hew (Fig. 19g) component, as well as for the Hyg (Fig. 19h) magnetic field
components at RID, respectively. The SR intensity exhibits considerable increase in
the Ez field component at NCK between 06 and 16 UT with maximum intensity at
11 UT in April 1997 (Fig. 19f). The Hgw field component shows increased intensity
at RID between 10 and 15 UT while the intensity of the Hyg field component
shows little change between April 1996 and April 1997. On the basis that the Hyg
field component (responsive to the African lightning activity at RID, see Fig. 19h),
shows little change between April 1996 and April 1997, we can conclude that the
increased SR intensity in the Ejz field component at NCK and in the Hgw field
component in RID are attributable to the increased lightning activity in the MC
and in India. That country has been shown to have the maximum lightning activity
near 11 UT with a sustained period of decay thereafter (Chaudhari et al., 2010).
The big difference between the SR response in E; at NCK and in Hgw in RID may
be explained by the fact that the DC component of the electric field is not perfectly
separated from the AC component (SRs) in the electronics of the preamplifier in
case of large changes in the static field (> 300 V/m). Both SRs and potential
gradient measurements have been running in parallel at NCK (Bor et al., 2020) and
the occasional contamination of SR intensity with anomalously increased PG values
was demonstrated by Mércz et al. (1997). As was shown by Mércz and Satori (2005)
the PG measurement at NCK was also responsive to the super El Nifio of 1997/98.
Therefore, a likely scenario is that the SR observations mirror both the variation in
the AC (SRs) and the DC field connected with the super El Nino event of 1997/98
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which enlarges the observed intensity in the first SR mode at NCK compared to the
magnetic measurement at RID. This idea is supported by the observation that the
percentage increase at the maximum of the mean diurnal intensity variation between
April 1996 and April 1997 is smaller in the second (~300%) and third (~250%) SR
modes than in the first mode (~350%) at NCK (not presented here). In addition,
the sunrise time at RID is near 10 UT and the SR intensity is diminished under
nighttime condition before 10 UT due to the day-night asymmetry of the Earth-
ionosphere cavity (Satori et al., 2007, 2016). The NCK station as well as the India
and MC source regions are under daytime condition during the maximum lightning
activity in those regions in April.

Figures 20 and 21 present the results for the super El Nino event of 2015/16.
World maps are added to these figures to show the location of the widely separated
SR stations: HRN, ESK (Fig. 20a) and ALB, BOU (Fig. 21a). The orientations of
the magnetic coils and the propagation directions, for which the coils are the most
sensitive, are also indicated. The Hyg and Hgw coils are marked consequently with
green and orange colors, respectively. Figures 20b and 21b show the normalized SR
intensity variations in the Hyg and Hgw magnetic field components between 2013
and 2016 while Figs. 20c—20e and 21c—21e present the diurnal SR intensity variation
of selected months from the same time period.

The 2015/16 super El Nino event showed a substantially longer duration than the
1997/98 event (26 vs. 14 months, see Fig. 18). At the investigated stations the first
remarkable SR intensification took place in September 2014, when the ENS-ONI
index jumped from a near zero to a markedly positive value (Figs. 20b and 21b).
The largest SR intensifications appear in the period December 2014—February 2015,
when after a small decrease the ENS-ONI index starts to increase strongly again.
This time period can be regarded as a second transition interval of the El Nino
episode. The last transition month when conspicuous SR intensification is observed
in the normalized SR intensity plots is April 2015.

Previous ENSO-lightning studies have focused on lightning enhancement in the
peak El Nifio (warm) phase rather than in the transition, and that bears checking
for this case as well. Similar to the 1997/98 event, secondary SR intensification is
evident near the maximum of the 2015/2016 super El Nifio event. This can be seen
in the September and December months of 2015 (yellow color) in the record from
the ESK station in Fig. 20b and also in the interval September to December 2015
(yellow color, a few tens of percent enhancement) in the records from the BOU and
ALB stations in Fig.21b. A notable suppression of activity is evident during the
declining period of the warm phase (February, March, and April of 2016) just as in
the case of the 1997/98 event in Fig. 19.

With a goal toward highlighting the interannual variations in SR signals, the
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Figure 19: SR-based observations for the super El Nino event of 1997/98. (a) The ENS-ONI
index and (b) the normalized SR intensity at Nagycenk (NCK) station between 1996 and 1999.
The color scale represents the bipolar % deviations from the monthly /seasonal means of absolute
intensity based on the 4-year period of SR observations (see Section 4.2 for more details). April
1996 and April 1997 are marked with a blue and a red arrow, respectively. (c—e) Maps with the
locations of (¢) NCK (for Ez) and (d and e) RID (for Hys and Hgw) stations. Panels (d and
e) show the orientation of the magnetic coils (Hyg = green; Hgw = orange) and the propagation
directions for which they are the most sensitive. (f~h) Diurnal variations of the first SR mode’s
intensity in April 1997 (red) as compared with April 1996 (blue) (f) for the Ez field component at
NCK, (g) for the Hgw as well as (h) for the Hys magnetic field components at RID, respectively.
The diurnal variations in intensity in (f—h) are all normalized to unity for the maximum value in
April 1997.

diurnal variations of the first SR mode’s intensity in the two magnetic field compo-
nents at the four stations were selected in the same months (September, December,
February) of four consecutive years, as shown for the HRN and ESK stations in
Figs. 20c—20e as well as for the ALB and BOU stations in Figs. 21c—21e. Variation
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Figure 20: SR intensity at Hornsund (HRN) and Eskdalemuir (ESK) stations over the period
2013-2017. (a) Maps with the locations of the SR stations, the orientation of the magnetic coils
(Hns = green; Hgw = orange) and the propagation directions for which they are the most sensitive.
(b) The ENS-ONI index (top) and the normalized SR intensity plots. The color scale represents
the bipolar % deviations from the monthly /seasonal means of absolute intensity based on the 4-year
period (see Section 4.2 for more details). (c—e) Diurnal variations of the first SR mode’s intensity
in pT2/Hz for the two magnetic field components at the two stations (four panels in each column)
in selected months: (c) Septembers, (d) Decembers, and (e) Februaries. The red curves in the
panels of column (c) indicate September 2014, panels of column (d) December 2014 and panels of
column (e) February 2015 (all are transition months indicated with red arrows in column b). (c)
The orange curves refer to September 2015, (d) December 2015, and (e) February 2016 (all are in
the main phase of the super El Nifio of 2015/2016 indicated with orange arrows in the ESK-related
portion of column b). The blue curves indicate (c) September 2013, (d) December 2013, and (e)
February 2014 (all are in cold or neutral phase preceding the super El Nifo of 2015/16 indicated
with blue arrows in column b). The gray curves refer to (c) September 2016 and (d) December
2016 as well as (e) February 2013.

of SR intensity measured with two magnetic field components at four distant sta-
tions can capture the anomalous behavior of global lightning activity as the great
circle paths shown in the maps cross one or more tropical chimney regions. The
colored arrows in Figs. 20b and 21b show the selected months for diurnal analysis
from the 4-year time window. The red color identifies the months in the transi-
tion period preceding the super El Nino of 2015/16, the orange color refers to the
main phase of the super El Nino, the blue color represents the cold (neutral) period
before the super El Nino event and the gray color indicates those months which
are separated from the cold, transition, and main phase intervals but included in
the 4-year normalization procedure. The diurnal SR intensities are greatest in the

transition months (curves with red color) for all four SR stations and for both the
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Figure 21: SR intensity at Alberta (ALB) and Boulder Creek (BOU) stations over the period
2013-2017. (a) Maps with the locations of the SR stations, the orientation of the magnetic coils
(Hns = green; Hgw = orange) and the propagation directions for which they are the most sensitive.
(b) The ENS-ONI index (top) and the normalized SR intensity plots. The color scale represents
the bipolar % deviations from the monthly/seasonal means of absolute intensity based on the 4-
year period (see Section 4.2 for more details). (c—e) Diurnal variations of the first mode’s SR
intensity in pT?/Hz for the two magnetic field components at the two stations (four panels in each
column) in selected months: (c) Septembers, (d) Decembers, and (e) Februaries. The red curves
in the panels of column (c) indicate September 2014, panels of column (d) December 2014 and
panels of column (e) February 2015 (all are transition months indicated with red arrows in column
b). The orange curves refer to (c) September 2015, (d) December 2015, and (e) February 2016
(all are in the main phase of the super El Ninio of 2015/16 indicated with orange arrows in column
b). The blue curves indicate (c) September 2013, (d) December 2013, and (e) February 2014 (all
are in the cold or neutral phase preceding the super El Nifio of 2015/16 and indicated with blue
arrows in column b). The gray curves refer to (c) September 2016 and (d) December 2016 as well
as (e) February 2013.

Hegw and Hyg magnetic field components, as shown in Figs. 20c—20e and 21c—21e.
Consequently, a worldwide intensification of lightning activity occurred during the
transition months. The diurnal SR intensity variations in the main phase of the
super El Nino (curves with orange color) approached the level of SR intensities in
the transition month of September and December (Figs. 20c, 20d, 21c, and 21d)
and before the peak of the super El Nino. In the later declining warm phase of
the super El Nino, in February 2016 (Figs. 20e and 21e), the SR intensity was
greatly diminished. The level of diurnal SR intensity variations does decrease in
the months of the cold period preceding the transition interval (curves with blue
colors) and in the months at the beginning and end of the 4-year time window

(curves with gray color). The great circle path at HRN and ESK in the case of

52



4.3 Results ENSO TIMESCALE

the Hyg field component crosses the MC and West India (see Fig. 20a). Large SR
intensity anomalies are attributed to these regions in the transition months: De-
cember 2014 and February 2015 (corresponding to the red curves in Figs. 20d and
20e). A huge increase (~80%—-100%) of SR intensity in Hyg occurred at the HRN
station near 8 UT when the MC shows the customary maximum lightning activity
and an anomalously large increase of SR intensity appeared at the ESK station as
well as a wide maximum centered near 12 UT when the Indian subcontinent shows
the usual maximum lightning activity. The Hgw field component at HRN indicated
a noticeable increase of lightning activity in the African chimney region at around
15 UT at both the HRN and ESK stations in the transition month of February 2015
(corresponding red curves in Fig. 20e). The Hyg field component at ALB and BOU
are responsive to the lightning activity in Australia and the southeastern part of the
MC (see the great circle paths in the maps of Fig. 21a). In the transition month
of December 2014, a large increase (~100%-150%) of SR intensity was observed
at these two stations near 7 UT, when these regions show the maximum lightning
activity (corresponding red curves in Fig. 21d). A smaller response in SR intensity
can be seen in February 2015 as well (corresponding red curves in Fig. 21le). A
positive anomaly in SR intensity in the Hgw field component at the BOU station
was observed near 21 UT in the transition month of February, 2015 (corresponding
red curve in Fig. 21e). This anomaly could be attributed to the increased lightning

activity nearby in the coastal region of Mexico.

4.3.2 Results Based on Independent Lightning Observations

The SRs are inherently a long-wavelength phenomenon and in single-station obser-
vations cannot resolve the sub-continental distribution of lightning sources. In order
to further strengthen our SR-based results and to reveal the specific geographical
regions from which the intensification of SRs predominantly originate we analyze
lightning distributions provided by independent observational methods (satellite-
based optical and ground-based VLF) in selected months when the strongest inten-
sification in SRs is documented: April 1997 (Fig. 22) for the 1997/98 event as well
as December 2014 (Fig. 23) and February 2015 (Fig. 24) for the 2014/15 super El
Nino event. As references we use the lightning distributions from the same months
but one year earlier: April 1996 (under La Nina condition) as well as December
2013 and February 2014 (under non-ENSO condition), respectively. We carry out
this kind of analysis only for the Asian chimney region where the UT time distribu-
tions of normalized SR intensity shown in Figs. 19-21 provide evidence for the most
probable locations of important changes in lightning activity.

High-flash-rate lightning activity was observed in Southeast Asia and the MC in
the ENSO transition month of April 1997, with increased lightning activity also de-
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Figure 22: Flash number density for the Maritime Continent (MC) and India observed by the
Optical Transient Detector satellite in (a) April 1996 and (b) April 1997. A ~35% increase in
flashes was observed between April 1996 and April 1997.

tected in northeast India and the Himalaya region as observed by the OTD satellite
(Fig. 22). The overall lightning increase for the MC in Fig. 22 between April 1996
and April 1997 amounted to ~35%. This behavior is consistent with the enhanced
SR intensity documented in Figs. 19f and 19g in the same transition month, but with
different percentage increments (~350% in Ez at NCK and ~20% in Hgw at RID).
The large percentage departures relate to the different methods for the lightning
observations. In general, OTD underestimates the lightning activity in unsampled
active regions over the monthly time scale but can identify weak flash characteris-
tics (event/flash, group/flash, radiance/flash, duration/flash) in India (Beirle et al.,
2014). The mean optical radiance per flash in India is only half of the global aver-
age (Beirle et al., 2014). Furthermore, higher optical radiance values are observed
over Indonesia than over India (Beirle et al., 2014). Therefore, it is possible that
the lightning activity can appear with different importance in the SR measurements
based on ELF electromagnetic radiation of lightning and on the optical observation
by the OTD satellite. The OTD activity was sustained for most of 1997 to the peak
in the warm phase in November 1997 (but not shown here), while the SR-measured
lightning diminished markedly after April 1997. This apparent discrepancy between
two independent measures of lightning activity is not presently understood.

Given the evidence in multistation SR measurements shown in Figs. 20 and 21 for
greater regionally resolved lightning activity in the ENSO transition months, and
in recognition of the importance of oceanic lightning in this MC chimney, interest
arose in the comparison with continuously available surface lightning network data.
Observations from the WWLLN have been examined for two transition months (De-
cember 2014 and February 2015) over a wide area (90° E to 160° E and 35° S to
15° N) of the MC in Figs. 23 and 24, respectively. In both figures, comparison maps
are made for the same months in two separate years, and for both daytime (10:00
a.m. — 10:00 p.m., centered at 4:00 p.m.) and nighttime (10:00 p.m. — 10:00 a.m.,
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centered at 4:00 a.m.) conditions. Also included in each plot (Figs. 23e and 24e)
are the local diurnal variations of the WWLLN-observed lightning strokes averaged
over each month. Especially noteworthy in Fig. 23 is the marked increase in light-
ning activity over northern Australia and an average increase of ~25% strokes from
December 2013 to December 2014. Also noteworthy in Fig. 24 is the pronounced
increase in activity over northwest Australia and the prevalent areas of activity im-
mediately adjacent to land-ocean boundaries (Sumatra, Borneo, NW Australia, Gulf
of Carpentaria (Australia)). The average increase in strokes in the transition month
February 2015 is ~15%. The full diurnal comparisons in both Figs. 23 and 24 show
more lightning in the ENSO transition month in nearly every local hour.

In conclusion, based on independent lightning observations (OTD and WWLLN),
lightning activity was more intense in the Asian/MC chimney region in the transition
months of the two super El Nino events than in the same months of the preceding
years under La Nina or non-ENSO conditions. These independent lightning ob-
servations are consistent with inferences based on SR observations with inherently

coarser spatial resolution.

4.4 Discussion

The UT time distribution of the observed anomalies in SR intensity preceding the
two super El Nino events show different characteristics. For the transition months of
the 1997 /98 super El Nifio event the anomalies appear predominantly near 10-12 UT
which is the characteristic activation time of the western part of the Asian chimney
including the Indian subcontinent and Pakistan (Albrecht et al., 2016; Blakeslee
et al., 2014). On the other hand, the SR intensity increases throughout the whole
0-24 UT time period in connection with the super El Nifio event of 2015/16, which
hints at a global response (i.e., all chimneys involved) in lightning activity. However,
in this event the greatest increase of SR intensity often appears in the 6-12 UT period
which again can be attributed to increased lightning activity in the specific regions
of the Asian/MC chimney. In this respect the two super El Nino events are similar.

The known difference in the onset behaviors of the two super El Nifio events (Lim
et al., 2017) also appear in the SR intensity variations. The earlier event showed a
simpler evolution. The anomalous increase of SR intensity is confined to a 2-3 month
interval preceding the super El Nino event of 1997/98. This period of February to
April coincides with the premonsoon time in India. On the other hand, the 2015/16
super El Nino occurred in two steps which is in line with our SR observations. The
anomalous increase of SR intensity was first observed in September 2014 exactly
when the ENS-ONI index turned from near zero to a markedly positive value. But
then, in the subsequent months, the warm phase appeared to be aborting. The

reignition of the 2015/16 super El Nino occurred in February 2015 and amplified
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Figure 23: Flash rate observed by the World Wide Lightning Location Network (WWLLN) network
in (a) December 2013 between 22 and 10 LT (“nighttime”), (b) December 2014 between 22 and
10 LT (“nighttime”), (c) December 2013 between 10 and 22 LT (“daytime”), and (d) December
2014 between 10 and 22 LT (“daytime”) for the MC as well as northern Australia. (e) Diurnal
variation in local time for the entire month of December, both during the cold phase (December
2013, blue) and during the transition to warm phase (December 2014, red). The conspicuous
increase in lightning activity in Australia is consistent with the SR diurnal enhancements noted in

the same month in Figs. 20 and 21.

this warm episode into a super El Nino by the end of 2015 (Chen et al., 2017,
Dong and McPhaden, 2018). The anomalies in SR intensity already appeared in
December 2014 and reached their maximum in February 2015. These observations
strongly suggest that the SR intensity provides early evidence for the occurrence of
the warm ENSO periods at least in the case of the strongest “super” El Nino-like
events.

Many published studies address the ENSO-lightning relationship, and in most of
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Figure 24: Flash rate observed by the WWLLN network in (a) February 2014 between 22 and
10 LT (“nighttime”), (b) February 2015 between 22 and 10 LT (“nighttime”), (c) February 2014
between 10 and 22 LT (“daytime”), and (d) February 2015 between 10 and 22 LT (“daytime”) for
the MC and including northern Australia. (e) Diurnal variation in local time for the entire month
of February, both during the cold phase (February 2014, blue) and during the transition to warm
phase (February 2015, red). Nighttime activity immediately adjacent to land regions is evident in
many cases. The conspicuous increase in lightning activity in Australia in all but three LT hours

is consistent with the SR diurnal enhancements noted in the same month in Figs. 20 and 20.

them the warm and cold phases are the exclusive scientific focus, not the transition

4

periods. Some of these earlier studies refer simply to El Nino “years” and La Nina
“years” (Kulkarni and Siingh, 2014; Kumar and Kamra, 2012; Tinmaker et al., 2017)
while others select specific monthly sequences as “El Nino” and “La Nina” episodes,
based on various ENSO temperature indices (Chronis et al., 2008; Hamid et al., 2001;
Satori et al., 2009; Wu et al., 2012; Yoshida et al., 2007). But in either procedure the

transition period from cold to warm phase, frequently amounting to several months,
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is either left out of the analysis, or a portion is included with the warm phase.
One important exception is the study by Guha et al. (2017) in which emphasis
is given to the warm-to-cold transition in the 2009/2010 ENSO event that can be
seen in Fig. 18. Even in earlier studies making use of the pressure-based Southern
Oscillation Index that considered only temperature and rainfall variations (e.g.,
Halpert and Ropelewski, 1992) over tropical continental regions, primary attention
was given only to the “high” and “low” phases of ENSO, and not their transitions.

This documented focus in previous ENSO/lightning studies is understandable
given the general interest in the response of lightning activity to surface air temper-
ature (e.g., Williams et al., 2019). The El Nifio periods exhibit the warmest SST
anomalies and the La Nina periods the coolest ones. But the ENSO indices are
continuously variable measures of SST imposed by the ocean, and the conspicuous
lightning enhancements in the transition period points to thermodynamic/convective
disequilibrium. Both the land surfaces and the atmospheric column are adjusting
to the change forced by the increase in the temperature of the ocean that surrounds
the land masses of the MC during the transition period. Both these adjustments can
contribute to increased updraft strength in the deep moist convection that accounts
for the lightning activity.

A long-standing assumption in interpretations of SR background signals from
relatively compact chimney sources is that the measured intensity is proportional to
the lightning flash rate (Boldi et al., 2018; Dyrda et al., 2014; Heckman et al., 1998).
The SR/OTD and SR/WWLLN comparisons documented in Section 4.3.2 suggest
that this assumption may not always be valid. Implicit in the linear relationship
between SR intensity and flash rate is the invariance of the mean charge moment
change (CMC) per flash but, in reality, this quantity could vary with meteorological
scenario, including the phase of ENSO. The WWLLN is recording only high-energy
ground flashes, and this may provide some explanation for why the interannual
changes in WWLLN stroke rates (~20%) are smaller than changes documented with
SRs and optical methods. Further comparisons between SR intensity and flash rates
measured by more conventional detection methods (optical and radio frequency) are
needed to sort this out. Comparisons of this kind during the declining warm phase of
the super El Nino events are particularly needed. The Global Lightning Mappers on
GOES-16 and GOES-17 satellites will be particularly valuable in this regard as they
provide the same continuous observations of specific regions that are also available
with SR observations.

As previously noted, one of the main advantages of the SR-based monitoring of
global lightning activity is that it does not suffer from the detection efficiency prob-
lems which are inherent with other lightning detection methods (Boccippio et al.,
2000; Hutchins et al., 2012; Said et al., 2010). Lightning radiated waves in the SR
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band (< 100 Hz) have extremely weak attenuation (< 0.5 dB/Mm; Wait, 1996) and
all lightning strokes with vertical extent contribute to the measured electromagnetic
fields. However, to reveal the best possible CMC-based spatial distribution of global
lightning corresponding to the months with increased SR intensity, a geophysical in-
version algorithm ingesting multi-ELF-station spectral information is required (Nel-
son, 1967; Nickolaenko and Hayakawa, 2014). The inversion algorithm introduced
in this work will hopefully contribute to the better understanding of variations in
lightning activity on the ENSO timescale. Time series data from a large number of
ELF receivers worldwide have been assembled for the period of the second super El

Nino and inversion calculations are planned as a future effort.

4.5 Conclusions

In the present study we aimed to identify common signatures in the temporal evo-
lution of two “super” El Nifio events in 1997/98 and 2015/16 by investigating SR
intensity. The analyses directed our attention to the transition months preced-
ing these events when ENSO turned from the cold La Nina to its warm El Nino
phase. Intensification of SRs occurred in the transition months preceding both su-
per El Nino episodes, supporting a key role for thermodynamic disequilibrium and
suggesting that SR intensity may play a precursory role for the occurrence and mag-
nitude of these extreme climate events. In addition, SR intensity records mirrored
also some of the important differences between the onset mechanisms of the two
events. Our results suggest that the observed SR intensifications corresponding to
the 1996/97 super El Nino event originate from Southeast Asia, the MC, and India
while a global response of lightning activity is indicated for the 2015/16 super El
Nino event. Indeed, the intensification of lightning activity has been confirmed in
selected months by independent lightning observations as well. The peak El Nino
times lead the maxima in global temperature by times of order 2-3 months, and
consequently the major upsurge in lightning activity within the MC in the super
El Nino events (preceding by ~6 months the times of maximum ENS-ONI index)

serves as predictions of peak global warming with lead times ~9 months.
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5 The Earth-ionosphere Cavity on the Solar Cy-
cle Timescale

In this chapter long-term changes in the properties of the Earth-ionosphere cavity are
inferred following Bozoki et al. (2021). On one hand these observations demonstrate
how SR measurements can be used to investigate space weather related phenomena.
On the other hand, the described space weather effects represent a challenge for
the SR inversion task as one needs to handle them (e.g., to determine solar cycle
dependent complex ionospheric altitudes) to get a realistic estimate for the intensity

and distribution of global lightning activity.

5.1 Introduction

In 2015 long-term SR intensity records from the Ukrainian Antarctic station
“Akademik Vernadsky” were published which clearly showed a pronounced solar
cycle modulation (up to 60%) of SR intensity (Nickolaenko et al., 2015), just as in
an earlier paper by Fiillekrug et al. (2002) using data from the Antarctic station
Arrival Heights. Recently, Koloskov et al. (2020) reported that SR intensity records
at the Vernadsky station are still in phase with the solar cycle and that a new SR
station began operation at Svalbard in the Arctic in 2013 that also shows the solar
cycle modulation of SR intensity. The origin of this effect is a challenging question
as satellite observations do not show a solar cycle variation in the intensity and
distribution of lightning activity (which is recognized as the primary origin of SR
intensity variations) (Christian et al., 2003; Williams, 2016; Williams et al., 2014a).
Furthermore, there is little clear evidence reported in the literature so far regard-
ing the direct influence of extra-terrestrial processes on SR intensity over shorter
timescales which could form the basis of the longer-term modulation from the solar
cycle. In studies by Williams et al. (2014a) and Satori et al. (2016) the authors
argued that energetic electron precipitation (EEP) may account for the observed
interannual SR intensity modulation by affecting the ionospheric height locally over
the observer. As for the physical basis the authors suggested (following Sentman and
Fraser, 1991) that the energy flux through the waveguide, parallel with the Earth’s
surface, must be conserved and when the local height is reduced by EEP, the mag-
netic field and attendant intensity must increase locally (a scenario illustrated in
Fig. 33). However, before the paper by Bozoki et al. (2021) no direct evidence has
been presented in the literature supporting the suggested EEP-effect on SRs either
on the solar-cycle or on shorter timescales.

Energetic particles are trapped in the magnetosphere in radiation belts (RBs).

They are heated to relativistic energies (from several tens of keV up to the order of
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MeV) by various wave particle interactions (WPI), field line reconnection processes
and large-scale electric fields (see e.g., Baker et al., 2018). Particle acceleration, as
well as losses from pitch angle scattering into the atmosphere, can be intensified
during geomagnetic storm periods in space weather events (Reeves et al., 2003).
The characteristic timescale of single precipitation loss events reflects the duration
of the causative source mechanism, and generally falls in the sub-second to hours
range.

The expected effect of electron precipitation on SRs depends in part on the char-
acteristic penetration depth of the electrons into the atmosphere (Satori et al., 2016)
and the main factor determining the penetration depth of precipitating electrons is
their energy (Rees, 1989), as illustrated in Fig. 25. Model calculations (Artamonov
et al., 2017; Mironova et al., 2019a) show that the upper (“magnetic”) boundary of
the Earth—ionosphere cavity resonator (near 90-110 km) (Satori et al., 2005, 2016) is
strongly affected by precipitating electrons in the 1-30 keV energy range. However,
EISCAT incoherent scatter radar measurements show that the electron density can
increase dramatically down to ~70 km during strongly ionizing EEP events (Belova
et al., 2005; Miyoshi et al., 2015). This observation suggests that electrons in the
energy range of 30-300 keV can influence the upper (“magnetic”) boundary of the
Earth—ionosphere cavity resonator as well (Fig. 25). It is important to note that
Fig. 25 illustrates only necessary conditions that energetic electrons will lower the
local ionospheric height. Sufficient conditions involve the orders-of-magnitude in-
crease in ionizing flux of energetic electrons, as discussed earlier for X-radiation
(Williams and Satori, 2007).

The paper by Toledo-Redondo et al. (2012b) is a pioneering work on long-term
quasi-global variations in the night-time height of the Earth—ionosphere cavity.
Based on the extraction of the waveguide cutoff frequency in DEMETER satel-
lite observations, the authors showed that the effective height of the waveguide was
anti-correlated with the solar activity between 2006 and 2009.

A collection of simultaneously recording ELF stations is needed to characterize
the deformation of the Earth—ionosphere cavity. In this work our first objective is
to extend the published set of long-term SR intensity records by presenting new
results from the high latitude (|lat| > 60°) stations: Hornsund (Svalbard), Syowa
(Antarctica) and Maitri (Antarctica), from the mid-high latitude (50° < [lat| < 60°)
stations: Eskdalemuir (United Kingdom) and Belsk (Poland), and from the low lat-
itude ([lat| < 30°) station: Shillong (India), as well as an extended set of measure-
ments from the high latitude Ukranian stations in the Arctic (Sousy) and Antarctic
(Vernadsky). SR observations are compared with long-term fluxes of precipitating
30-300 keV electrons provided by the National Oceanic and Atmospheric Admin-
istration (NOAA) Polar Operational Environmental Satellites (POES) and with
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Figure 25: Tonization rates versus altitude for monoenergetic electron flux based on the models
described in Artamonov et al. (2017) and Mironova et al. (2019a).

electron precipitation events identified in Super Dual Auroral Radar Network (Su-
perDARN) measurements in Antarctica (Bland et al., 2019). An extended set of the
global waveguide’s effective height, as observed in the survey electric field ELF-VLF
spectra recorded by the French DEMETER satellite (Toledo-Redondo et al., 2012b),

is also presented and analyzed.

5.2 Data and Methods

5.2.1 SR Data

In this work we present long-term induction coil measurements from eight different
SR stations which observe the variation of the horizontal magnetic field in the lowest
part of the ELF band and analyze monthly average magnetic intensities of the first
SR mode. Figure 26 shows the location of the SR stations as well as the great
circle paths (GCPs) of the wave propagation directions in which the coils are most
sensitive. A common map is shown for the Hornsund and Sousy stations in Fig. 26
as these two stations are in close proximity (within 150 km, both at Svalbard)
compared to the wavelength of ELF waves (of the order of 10 Mm). Induction
coils are usually aligned with the local geographical meridian and perpendicular
to it, except at the Syowa station where they are oriented along the geomagnetic

north-south and east-west directions (Fig. 26f).
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Figure 26: The location of the (a) Hornsund (HRN)/Sousy (SOU), (b) Eskdalemuir (ESK), (c)
Belsk (BEL), (d) Vernadsky (VRN), (e) Maitri (MAI), (f) Syowa (SYO) and (g) Shillong (SHI)
SR stations (turquoise squares) and the wave propagation directions (great circle paths) for which
the coils are the most sensitive (Hyg = green, Hgw = orange). Note that at the SYO station the
coils are oriented along the geomagnetic north-south and east-west directions. The background
world maps show the distribution of precipitated 30-300 keV electrons in 1 x 1 degree spatial
resolution in 2005 (yielding the highest precipitation fluxes in the time interval investigated in this
study) provided by the NOAA-15 satellite. The polar views (|lat] > 40°) of the Northern (h)
and Southern (i) Hemispheres together with the location of the high- and mid-high latitude SR

stations and the geomagnetic poles (white stars).

The Institute of Geophysics of the Polish Academy of Sciences established SR
measurements at the Polish Polar Station Hornsund at Svalbard (HRN; 77.0° N,
15.6° E; L=14.0; Fig. 26a) and at the Central Geophysical Observatory in Belsk,
Poland (BEL; 51.8° N, 20.8° E; L=2.2; Fig. 26¢) in 2004 and 2005, respectively
(Neska et al., 2019, 2007). From the HRN station measured data were processed from
September 2004 to October 2020. The main data gaps within this time period are:
06/2006-11/2007, 07-11/2008, 03/2009, 09/2009, 07-08/2011, 09/2015-03/2016 and
01-09/2017 (Hgw). From the BEL station the fully processed April 2005-December
2012 time period contains the following data gaps: 06/2005, 08/2005, 04-05/2006
and 01-02/2007. Since the entire dataset had been reprocessed for the present study
we describe the applied data processing technique in detail.

Raw time series measurements were bandpass-filtered and 10-min estimates of
average power spectral density (PSD) with a frequency resolution of ~0.2 Hz were
generated by applying Welch’s method (Welch, 1967). Welch’s method estimates the
PSD by dividing the data into overlapping segments, determining the PSD of each

segment and averaging them. In order to minimize the aliasing effect of regional
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lightning activity and exceptionally intense lightning strokes generating Q-bursts
(Guha et al., 2017) the PSD of data segments containing spikes greater than 40 pT
in absolute value were omitted before averaging. From the obtained 10-min average
PSD the intensity of the first SR mode was determined by means of the weighted
average method (Nickolaenko et al., 2015). The peak frequency of the first mode
(f;) was calculated from the discrete PSD as:

4, — s i PSDy

L SN PSD,

: (86)

and the PSD of the nearest frequency value to this peak frequency was assigned as
the intensity of the first SR mode.

SR measurements can easily be affected (contaminated) by different local noise
processes (with natural and artificial origin), such as local lightning, wind, human
activity, etc. (see e.g., Tatsis et al., 2021; Tritakis et al., 2021). In order to further
improve the quality of the results a manual data sanitization step has been carried
out before calculating the monthly averaged intensities. Our method relies on the
evidence that the daily variation of SR intensity is usually highly similar within
a month (Satori, 1996). Therefore the intensity of the first SR mode was plotted
as a function of UT time for all the days within the processed month and days
with unusual daily intensity variation were excluded when calculating the monthly
average.

SR measurements are carried out by the British Geological Survey at Eskdalemuir
Observatory (ESK; 55.3° N, 3.2° W; L=2.7; Fig. 26b) near the Scottish Borders of
the United Kingdom since September 2012 (Beggan and Musur, 2018; Musur and
Beggan, 2019). For the present study processed data are available from June 2012
to December 2020 with a few gaps in the record. Details about the station and data
processing can be found in Musur and Beggan (2019).

The Institute of Radio Astronomy (IRA) of the National Academy of Sciences of
Ukraine established observations at two high latitude SR stations in the Arctic and
in the Antarctic, respectively. The Arctic station is located at the Sousy facility
of the Tromso Geophysical Observatory (the Arctic University of Norway, UiT)
at Svalbard (SOU; 78.1° N, 16.0° E; L=16.1; Fig. 26a) and began operation in
September 2013 while the Antarctic station is located in the Western Antarctic at
the Ukrainian station “Akademik Vernadsky” (VRN; 65.25° S, 64.25° W; L=2.6;
Fig. 26d) and began operation in March 2002. From the SOU station data are
available from September 2013 to August 2020 with data gaps in 04/2014, 05/2014,
07/2016 while from the VRN station data are available from March 2002 to April
2020 with one long gap between 09/2009 and 03/2010. For more information about
the stations and data processing we refer to the paper of Koloskov et al. (2020).

Here we note only that data segments with distorted SR spectra were removed from
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the VRN and SOU databases before averaging. From the VRN station an extended
dataset of the spectral intensity at 11 Hz (between the first and second resonance
peaks) is also presented (Koloskov et al., 2020). Later in this study we show that
a substantial portion of long-term SR intensity variations are related to changes in
the quality factor (Q-factor) of the Earth—ionosphere cavity, which characterizes the
rate of energy dissipation at a given resonance mode (Kulak et al., 2003; Madden
and Thompson, 1965). The investigation of spectral intensity between the first
and second resonance peaks (near 11 Hz) is motivated by this observation as it
is expected to have only a minor dependence on the Q-factor of the cavity. We
note that recording at the frequency of about 11 Hz was originally proposed and
implemented by Fraser-Smith et al. (1991).

The Indian Antarctic station Maitri (MAIL; 70.8° S, 11.7° E; L=5.0; Fig. 26e) is
located in the Eastern Antarctic and SR data from the station are available from
March 2010 to December 2019 with data gaps in 04/2018, 11-12/2018 (Hgw) and
11/2019. It is important to note that at the Maitri station the magnetic coils were
oriented initially along the geomagnetic north-south and east-west directions. How-
ever, by the end of 2012 they were reoriented along the geographic main directions.
In order to work with a homogeneous dataset and to be consistent with the other
SR stations, SR intensity values from Maitri are shown only from January 2013 in
the present study. For more information about the station we refer to the paper by
Manu et al. (2015). Low latitude SR measurements are available from the Shillong
station (SHI; 25.92° N, 91.88° E; L=1.15; Fig. 26g) in India (Rawat et al., 2012)
from January 2008 to December 2016 with data gaps in 07/2008, 05/2014 and 01-
04/2015. Raw SR measurements from SHI were processed with the same technique
as described for the HRN and BEL stations.

The induction coil magnetometers at the Japanese permanent research station
Syowa (SYO; 69.0° S, 39.6° E; L.=6.3; Fig. 26f) were set up in February 2000 and
processed data are available for the present study from January 2006 to December
2015 with data gaps in 03/2008, 07/2008, 06-07/2014 and 06-08/2015. At the SYO
station the coils are aligned with the geomagnetic north-south and east-west direc-
tions (D=—48.5° in the year of installation). For more information about the station
we refer to the paper by Sato and Fukunishi (2005). For the SYO data the same
manual data sanitization process as for the HRN and BEL data has been applied.

5.2.2 EEP Observations

Satellite Measurements

The flux of precipitating E >30 keV, >100 keV, >300 keV electrons is provided by
the TO telescope of the Medium Energy Proton and Electron Detector (MEPED) in-

strument (as part of the Space Environment Monitor 2 instrument package) onboard

65



5.2 Data and Methods SOLAR CYCLE TIMESCALE

the NOAA-15 satellite (Rodger et al., 2010). Electrons that are detected by the T0O
telescope (pointing outward along the local zenith) on the quasi-polar (98.70°), Sun-
synchronous, low earth orbit (LEO) (~807 km) of the NOAA-15 satellite are in the
atmospheric loss cone and will enter the atmosphere (Rodger et al., 2010). However,
it is to be noted that the TO telescope detects particles only near the center of the
atmospheric loss cone and therefore underestimates the total flux of precipitating
electrons (Mironova et al., 2019b; Rodger et al., 2010; van de Kamp et al., 2016).
To demonstrate the typical geographical configuration of the propagation paths
(great circle paths) corresponding to the different SR stations and the electron
precipitation-affected areas the distribution of precipitated 30-300 keV electrons
(as a sum of the measured flux in the three corresponding channels of the TO tele-
scope) in 1 x 1 degree spatial resolution in 2005 (yielding the highest precipitation
fluxes in the time interval investigated in this study) are displayed in the background
in the subplots of Fig. 26. As can be seen on the maps three main areas are affected
primarily by electron precipitation: two high latitude, zonally continuous stripes in
the Northern and Southern Hemispheres which we will refer to hereafter as precipi-
tation belts, and the South Atlantic Magnetic Anomaly in South America. Five of
the investigated SR stations (HRN, SOU, VRN, MAI, SYO) lie very close (within
1 Mm and << the wavelength of the ELF waves) to at least one of these areas.
Furthermore, some propagation paths cross the South Atlantic Magnetic Anomaly.
The great circle path corresponding to the Hyg component at the SHI station needs
to be highlighted as well which does not cross the precipitation belts at all. Further-
more, the South Atlantic Magnetic Anomaly is also very far from this measuring
site. Therefore, we do not expect EEP-related local SR intensity changes in this

Hxg component.

SuperDARN Measurements

A list of EEP events derived from the Syowa East SuperDARN radar was used to
identify individual EEP-related anomalies in our SR records in June 2011. Although
SuperDARN radars are designed primarily for detecting plasma structures in the E
and F region ionospheres (Chisham et al., 2007; Greenwald et al., 1995), they can
also be used to estimate HF radio wave attenuation in the ionospheric D region
using an approach similar to riometry (Bland et al., 2018). In this study we use
the EEP event list for the Syowa East SuperDARN radar described in Bland et al.
(2019). This radar is located in Antarctica at 69.00° S, 39.58° E (geographic), so all

of the June 2011 events were observed under night-time/twilight conditions.
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5.2.3 Sunspot Number and AE Index

The traditional sunspot number is used to characterize the magnitude and length
of the solar cycles and to identify the year(s) of the maximum and minimum solar
activities. The auroral electrojet (AE) index is a measure of geomagnetic activity
in the auroral zone (Davis and Sugiura, 1966) and is often applied as an indicator
for EEP activity (e.g., Lam et al., 2010). These datasets are available from the
OMNIWeb database (https://omniweb.gsfc.nasa.gov/form/dx1.html).

5.2.4 X-Ray Observations

The 0.1-0.8 nm X-ray measurements of the Space Environment Monitor (SEM)
instrument onboard the GOES 10 and 15 satellites is used to characterize
solar radiation-related changes in the Earth—ionosphere cavity (Satori et al.,
2005, 2016). Monthly average flux values were determined from the 1-min
and 5-min resolution datafiles available from NOAA’s corresponding database

(https://satdat.ngdc.noaa.gov/sem/goes/data/avg/).

5.2.5 Satellite-Based Observations of Waveguide Cutoff

Long-term variation of the upper boundary region of the Earth—ionosphere cavity
resonator is also investigated in this study by using satellite-based wave record-
ings. The lower ionosphere forms the highly variable reflecting upper surface of the
Earth—ionosphere waveguide (EIWG). Since far from the source, lightning impulses
propagate in a guided manner, the effective height of the EIWG (reflecting altitudes)
can be observed as suppressions in wave field strength at higher ELF, lower VLF
frequencies around the cutoffs of distinct wave modes (see modeling details in Cum-
mer, 2000; Ferencz et al., 2007). This effect is best recognized in case of the first
guided mode at approximately 1.6 kHz, exhibiting often a lower intensity band in
the spectrum of single impulses as well as in time averaged dynamic power spectra
of the cavity background field (Toledo-Redondo et al., 2012b).

Due to the excitation of the lower ionosphere by waves in the EIWG with the
above described character, the wide-band ELF-VLF wave records of LEO satel-
lites also exhibit this specific spectral pattern. The electric field data of the French
DEMETER satellite (Berthelier et al., 2006) with a polar LEO orbit has been utilized
here to determine guided cutoffs, and thus to follow the change of the cavity’s shape
during approximately a quarter solar cycle period. Six years of night-time ELF-VLF
spectra (whole years of 2005-2010) recorded at topside altitudes (660-710 km) be-
tween 65° geomagnetic latitudes have been analyzed. This uniquely rich, continuous
ELF-VLF wave database is composed of power spectrum values under 20 kHz with

19.53 Hz resolution in frequencies and 2.048 s resolution in time (survey mode). Oc-
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currences of wave power minima around the supposed cutoffs and their parameters
(minimum frequency, sharpness, reliability factor) has been determined in consec-
utive spectrum vectors by applying a quadratic fit in the 1.4-1.95 kHz frequency
range. The settings of the identifying algorithm have been fine-tuned by using
a training set of several hundred of half orbits selected randomly from the whole
recording base. In order to suppress noise and still maintain good spatial and tempo-
ral resolution, an averaged spectrum of eleven consecutive measurements was found
optimal as input data. This step reliably finds the minima (if present) and yields
approximately 1.5° spatial resolution in latitude. The effective height correspond-
ing to the cutoff frequency is then determined by applying the condition for the
transverse resonance of the waveguide (Toledo-Redondo et al., 2012b):
B c

2+ foutoft

We present annual averages of the effective height for different latitudinal do-

Dot (87)

mains. Raw data consisting of satellite coordinates, times at the mid positions of
the averaged recording set and the parameters of the identified effect were stored for
later analysis. The investigated domains consist of various geomagnetic latitudes:
low- (Jmlat| < 20°), mid- (20° < |mlat| < 50°) and mid-high (50° < |mlat| < 65°).
Data points corresponding to the South Atlantic Magnetic Anomaly (defined as
—50° < lat < 0° and —90° < lon < 50°) were excluded when calculating the yearly

averages.

5.3 Results

5.3.1 Results Based on SR Measurements

Multi-station Schumann resonance observations are used in this study to investigate
long-term variations in SR intensity, selected year-to-year variations, and short-term
variations attributable to single EEP events that affect both magnetic hemispheres.

These topics are addressed in three separate sections below.

Long-Term Variations

Figure 27 displays the collection of SR intensity records available for the present
study in the time window spanning about one and a half solar cycles between 2002
and 2020 (solar cycles 23 and 24) together with selected indicators of the solar
and geomagnetic activity and of EEP. Subplot Fig. 27a shows the monthly average
values of the sunspot number, the AE index and the X-ray flux. The EEP flux of
30-300 keV electrons in daily (black) and monthly (red) time resolution are shown in
Fig. 27b. The EEP flux in daily time resolution is included to demonstrate its highly

variable nature. The precipitation fluxes can vary by 3 orders of magnitude within
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Figure 27: (a) Monthly average values of the sunspot number (turquoise), the AE index (blue)
and the X-ray flux (GOES-10: gold, GOES-15: dark gold), (b) 30-300 keV electron precipitation
fluxes in daily (black) and monthly (red) time resolution as well as the long-term records of the first
SR mode’s intensity in monthly time resolution at the (c¢) Sousy (SOU), (d) Hornsund (HRN),
(e) Eskdalemuir (ESK), (f) Belsk (BEL), (g) Shillong (SHI), (h) Vernadsky (VRN), (i) Maitri
(MAI) and (j) Syowa (SYO) SR stations. Gray background highlights years with exceptional SR

intensities.
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a few days during geomagnetic storms (Clilverd et al., 2007). The long-term records
of the first SR mode’s intensity in the Hgw and Hyg magnetic field components
are shown in monthly time resolution from the Sousy (SOU), Hornsund (HRN),
Eskdalemuir (ESK), Belsk (BEL), Shillong (SHI), Vernadsky (VRN), Maitri (MAI)
and Syowa (SYO) stations in Figs. 27c-j. From the different stations SR data are
available in the time windows described earlier.

As can be seen in Fig. 27a, the X-ray flux follows the time variation of the sunspot
number in contrast to the AE index which has a distinct phase delay with respect to
the solar maxima after 2002 and 2014/2015, and also shows extraordinary behavior
in 2012 and in 2013 preceding the last solar cycle maximum in 2014. A good
correlation is evident between the time series of the AE index and the 30-300 keV
EEP fluxes as shown in Figs. 27a and b. We note that a moderate annual variation
is present in both parameters with Northern Hemisphere (NH) summer maxima as
noted in earlier works (e.g., Lockwood et al., 2020; Suvorova, 2017).

The SR intensity records in Figs. 27c—j show a complex behavior. On one hand
a seasonal variation is present in the data with the highest intensity values usually
observed in NH summer months. This general behavior is in accordance with the
NH summer annual maxima in the magnitude of global lightning activity (Christian
et al., 2003; Satori, 1996). We also note the presence of semi-annual variations
(with spring and autumn peaks) at some SR stations (Satori and Zieger, 1996).
The absolute level of SR intensity may show up to an order of magnitude difference
station-by-station. We attribute this observation primarily to the different source-
observer geometries but it could also hint to problems with the absolute calibration
of the stations. Calibration issues are the most likely explanation for the eye-catching
differences between the SR intensity records of the SOU and HRN stations which
should be almost the same based on the close proximity of the stations.

On the other hand, the solar cycle modulation is evident at all SR stations and
is in phase with the solar cycle (as indicated by the sunspot number). The solar
cycle modulation of SR intensity is usually more pronounced in one of the magnetic
field components: in the Hgw component at the VRN and SHI stations and in
the Hyg component at the SOU, HRN, ESK, BEL, MAI and SYO stations. Years
with exceptionally high SR intensities in these field components (in comparison with
neighboring years) are highlighted with grey background in Figs. 27c¢—j: 2016 at the
SOU; 2005, 2012, 2013 and 2016 at the HRN; 2012, 2013 and 2016 at the ESK;
2005 and 2012 at the BEL; 2013 at the SHI; 2005, 2012 and 2014 at the VRN; 2014
and 2016 at the MAI and 2012 and 2013 at the SYO stations. These exceptional
years in SR intensity, which can be found in the declining phase of the solar cycles
(2005, 2015, 2016) or in the vicinity of the solar cycle maxima (2012, 2013, 2014),

are in agreement with enhanced levels of EEP as indicated by the AE index and
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the 30-300 keV EEP fluxes. As the solar cycle modulation of SR intensity is clearly
present at the two mid-high latitude stations (ESK and BEL) and at the one low
latitude (SHI) station as well, the effect is not confined to high latitudes.

The magnitude of the annual variation in SR intensity tends to follow the solar
cycle as well. This behavior is in keeping with the suggestion of the solar cycle
modification of cavity height. Higher magnitudes can be identified in the years
near the solar maxima and smaller ones near the solar minimum (see Figs. 27¢-j).
This observation had been noted earlier for the total horizontal magnetic field by
Koloskov et al. (2020). To take a closer look at this phenomenon we have removed
the yearly averages from the VRN records for each (Hys, Hgw) field component
and plotted the residuals (Al) in Fig. 28. The solar cycle modulation of the annual
SR intensity variation is different for the two field components at the VRN station.
It is clearly more pronounced in the Hgw component for the one and a half solar
cycle between 2002 and 2020. At the VRN station the Hgw component also shows
the stronger modulation in its overall level (as compared to the Hygs component)
(see Fig. 27h). The magnitude of the annual variation in the Hgw component is
the largest in 2012, second largest in 2014 and third largest in 2002. The smallest
magnitude appears near the solar minimum in 2008. The solar cycle modulation
of the Hyg component is considerably smaller. Nevertheless, the minimum in the
magnitude of the annual variation near the solar minimum in 2008/2009 and the
maximum near 2012 is clearly visible in the Hyg component as well.

In order to quantify the solar cycle modulation of SR intensity we derived yearly
averages and normalized them with the intensity values corresponding to the solar
minimum year 2009 (6I) for the four SR stations exhibiting the longest records:
HRN, SHI, VRN and SYO (Fig. 29). It follows that the 100% corresponds to the
year 2009 for each component of each station in the figure. When calculating the
yearly averages some missing values were determined with interpolation using the
SR intensity values of the neighboring months (in case of 1 missing month) or based
on the same months measured in the neighboring years (in case of >1 adjacent
missing months). If neither of these two approaches was feasible for any year, that
year was omitted. The long-term records of spectral intensity at 11 Hz are also
displayed for each (Hns, Hrw) field component from the VRN station in the same
format.

As we stated earlier in this section, solar radiation-related changes in the
Earth—ionosphere cavity are expected to follow the solar cycle (as indicated by the
sunspot number) while EEP-related changes are expected to deviate from that cycle
and to show a common behavior with the AE index. Next we investigate the nor-
malized yearly average intensities displayed in Fig. 29 in this aspect. The relative SR

intensity values corresponding to the first resonance mode generally follow the dif-
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Figure 28: (a) Monthly average values of the sunspot number (turquoise), the AE index (blue)
and the X-ray flux (GOES-10: gold, GOES-15: dark gold) as well as the residual monthly average
SR intensities for the (b) Hgw and (c¢) Hxg components at the Vernadsky (VRN) station (see the

main text for more details).

ferent phases of the solar cycle. However, this statement is mainly true for the field
component exhibiting smaller long-term variability (Hgw at HRN and SYO, Hyg at
SHI and VRN) while in the more variable field component (Hys at HRN and SYO,
Hrw at SHI and VRN) the largest intensity enhancements are present in years of
AE extremities like in 2005, 2012 and 2015. In these years, intensity enhancements
of ~20-35% can be observed at the HRN, SHI and SYO stations while at the VRN
station (showing the largest variation in intensity) the enhancements are as high
as 40-60% (Table 4). We also note that the long-term record of the VRN station
mirrors the magnitude difference between solar cycle 23 and 24, i.e. higher intensity
values correspond to previous one. The year of 2012 yields the highest relative SR
intensity values at all four SR stations. Regarding the relative SR intensity values
corresponding to 11 Hz at VRN, the Hgw component shows enhanced values (~20%)
in the years of AE extremities (2005 and 2012) (Table 5) while the Hys component
exhibits a general decreasing trend throughout the investigated time period. The

origin of this decreasing trend in the data is not clear at the moment.
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Station | Component | 2005 (%) | 2009 (%) | 2012 (%) | 2015 (%)

HRN | Hew | 100 | 100 | 125 | 115
HRN | Hys | 120 | 100 | 135 | 130
SHI | Hew | - | 100 | 135 | 140
SHI | Hys | - ] w0 | 120 | 120
SYO | Hew | - | 100 | 120 | -
SYO | Hs | - | w0 | s | -
VRN | Hew | 145 | 100 | 160 | 145
VRN | Hys | 120 | 100 | 110 | 125

Table 4: Normalized yearly averages of the first SR mode’s intensity for the years 2005, 2009
(sol.min.), 2012 and 2015 (sol.max.).

Station | Component | 2005 (%) | 2009 (%) | 2012 (%) | 2015 (%)
VRN (11 Hz) | Hew | 120 | 100 | 120 | 115
VRN (11 Hy) | Hys | 105 | 100 | 100 | 90

Table 5: Normalized yearly averages of ELF intensity of 11 Hz at VRN for the years 2005, 2009
(sol.min.), 2012, 2015 (sol.max.).

Year-to-Year Comparisons

As confirmed by Fig. 29, it is not always the solar cycle maximum that yields the
highest SR intensity values. This observation is in accordance with electron precip-
itation fluxes presented in Fig. 27b. In Fig. 30 we present the electron precipitation
conditions for the Northern and Southern polar regions in the solar minimum year
2009, the solar maxima years 2002 and 2014 as well as in selected years with ex-
ceptionally high SR intensity values: 2005 and 2012, based on NOAA-15 electron
precipitation fluxes. In general, the yearly averaged flux values go up and down
together in all regions affected by EEP in the selected years. The year 2005 is in the
declining phase of the 237 solar cycle while 2012 is close to the last solar maximum
year of 2014. Electron precipitation is clearly the weakest in the solar minimum
year of 2009 as expected. However, only a small (less than one order of magnitude)
increase is noticeable from 2009 to the solar maximum year of 2014. The solar max-
imum year of 2002 yields larger fluxes than the solar maximum year of 2014 (around
one order of magnitude larger compared to the solar minimum year of 2009). On the

other hand, a remarkable increase of electron precipitation flux is identifiable in the
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selected years 2005 and 2012 yielding exceptionally high SR intensity values as well.

The enhancement is around two orders of magnitude in 2005 as compared to the

solar minimum year of 2009. This robust change in EEP flux is of the same order

of magnitude as the variation of solar X-rays on the solar cycle timescale (Fig. 29a)
(Satori et al., 2005; Williams and Satori, 2007).
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Figure 29: (a) Monthly average values of the sunspot number (turquoise), the AE index (blue) and
the X-ray flux (GOES-10: gold, GOES-15: dark gold) as well as the normalized yearly averages of
the first SR mode’s intensity at the (b) HRN, (c¢) SHI, (d) SYO and (e) VRN stations and (f)
of the intensity at 11 Hz at the VRN station.
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Short-Term Variations Synchronous in Two Hemispheres

The well-organized motions of energetic electrons along the magnetic field lines sug-
gest that EEP events and their associated cavity deformation may often be quasi-
synchronous in the Northern and Southern Hemispheres. Figure 31 shows SR inten-
sity records for two selected days from June 2011 (14 June and 23 June) together
with independently identified EEP events based on Syowa East SuperDARN radar
measurements from the event collection of Bland et al. (2019). To identify non-
standard (not lightning-related) variations in the diurnal SR intensity records, quiet
day diurnal SR intensity curves were determined for each field component of each
station for June 2011. Quiet days were selected based on the AE index as days with
AE values smaller than 400 nT. Figure 31 contains the average diurnal variation of
these quiet days and in addition the corresponding standard deviations. In order
to investigate whether EEP events are able to modify the global Q-factor of the
Earth—ionosphere cavity resonator we applied the Lorentzian fitting technique (see
e.g., Mushtak and Williams, 2002) on SR spectra from the Hornsund station. In
Fig. 31 the extracted Q-factors are displayed in the same format as the SR intensity
records.

On June 14, 2011 the strongest EEP event within the day can be observed be-
tween 09:20 and 14:30 UT at Syowa with radio wave absorption values greater than
2 dB (Fig. 31a). The event starts with a substantial increase of the AE index. SR
intensity clearly increases during the event not only in the Hyg component at Syowa
(so near the radar) but in the Northern Hemisphere under daytime conditions at
the Hornsund (HRN) station as well where increased Q-factor values (by ~10-30%)
can be observed during the event. The relative increase of SR intensity is as large
as 50-100% at Syowa during this event. On June 23, 2011 several strong (absorp-
tion > 3 dB) EEP events occured between 00:00 and 13:00 UT and one other event
can be observed between 21:00 and 23:30 UT. The imprint of these events can be
identified in both field components at SYO, in the Hyxg component at HRN (with in-
creased Q-factor values by ~10-30%) as well as in the Hgw component at Vernadsky
(VRN), even though the VRN station lies in a considerably different longitudinal
sector than Syowa. This documented synchronous behavior provides evidence for

the large spatial extents of the EEP events (~4 h magnetic local time extent).

5.3.2 Results Based on DEMETER Measurements

The effective height of the Earth—ionosphere waveguide as inferred from DEME-
TER satellite measurements of the waveguide cutoff frequency at night-time (see
Section 5.2.5 for details) can be regarded as a quantity providing an independent

view on the deformation of the Earth—ionosphere waveguide. Figure 32 shows the
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Figure 30: The distribution of precipitated 30-300 keV electrons for the Northern (top row) and
Southern (bottom row) polar regions for the years 2002, 2005, 2009, 2012 and 2014, together with
the location of the high and mid-high latitude SR stations and the geomagnetic poles (white stars).

yearly average values of the effective height from 2005 to 2010 corresponding to
low-, mid- and mid-high geomagnetic latitudes. In general, the Earth—ionosphere
waveguide height seems to be the lowest at mid-high latitudes while it is the high-
est at midlatitudes with average height values of 90.4 and 91.8 km, respectively.
The effective height is also smaller at low latitudes (90.7 km) as compared to mid-
latitudes (91.8 km). Regarding the long-term trend in the data, the solar cycle
variation is evident in all the investigated domains. Table 6 summarizes the relative
height differences between 2005 and the solar minimum year of 2009 for low-, mid-
and mid-high geomagnetic latitudes. The relative height difference is the greatest
at mid-high latitudes (which represent the highest observed latitudes in this case)
(2.2%) and the smallest at low latitudes (1.2%).

imlat| < 20° | 20° < |mlat| <50° | 50° < |mlat| < 65°

1.2% | 1.3% | 2.2%

Table 6: Relative differences in the waveguide’s effective height between 2005 and the solar mini-

mum year of 2009 for low-, mid- and mid-high geomagnetic latitudes.

5.4 Discussion

In this section, we suggest a general interpretation for the results obtained, before
attempting to estimate the height changes of the Earth—ionosphere cavity associated
with EEP. Finally, we describe the most important characteristics of our SR- and
DEMETER-based results.
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Figure 31: Comparison of EEP events (with respective time intervals shaded and dotted) identified
in Syowa East SuperDARN radar measurements by Bland et al. (2019) and SR intensity records
(Hgw: orange, Hyg: green) for June 14, 2011 (left column) and June 23, 2011 (right column). The
top row shows the time variation of the AE index (blue) and the radio wave absorption values in
the D-region (red) at 10.2-10.5 MHz as inferred from the radar measurements. SR intensity records
from the SYO, VRN and HRN stations for the selected days (thick curves) are displayed together
with the average diurnal variation of quiet days (thin curves in same color) and the corresponding
standard deviations (same color shaded area) (see the main text for more details). The last row
of the figure shows Q-factor records from the HRN station that tend to be enhanced during EEP

events.

5.4.1 Solar X-Rays and EEP: The Two Main Effects to be Considered

In order to interpret correctly the obtained results it is first important to state
that although SR intensity variations are generally connected with changes in the
distribution and/or intensity of global lightning activity, satellite observations of
lightning activity do not show any significant solar cycle variation on the global scale
(Christian et al., 2003; Williams et al., 2014a). This is in line with the observation
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Figure 32: Yearly averages of the Earth—ionosphere waveguide’s effective height based on DEME-

TER observations. A similar solar cycle modulation is evident in each of three latitude ranges.

that the total energy output from the Sun varies on the order of 0.1% throughout
the solar cycle (Frohlich and Lean, 1998). Therefore, the solar cycle modulation of
SR intensity needs to be accounted for by long-term changes in the properties of
the Earth—ionosphere cavity, i.e., by changes in the propagation conditions of ELF
waves. As the solar cycle variations in Galactic Cosmic Rays (GCR) is considered
to have only a negligible effect (<1%) on the intensity of SR (Satori et al., 2005)
hereafter we discuss the possible effects related to the Sun.

Two fundamental mechanisms can be distinguished for the Sun-related impact
on the near-Earth environment: one based on photons and the other on charged
particles. The majority of solar photons arrive in the Earth’s equatorial zone while
charged particles precipitate in the upper atmosphere in the high latitude precipi-
tation belts and in the South Atlantic Magnetic Anomaly (Fig. 26). The long-term
behavior of these two effects is markedly different on the solar cycle timescale. While
the flux of solar photons generally follows the solar cycle, the precipitation of charged
particles does not (Asikainen and Ruopsa, 2016) (Fig. 27). We documented both
of these behaviors in long-term SR intensity records of different field components
at different stations (Fig. 29). Therefore, we suggest that a combined effect of pho-
tons and charged particles needs to be considered to account for all our SR-based
observations (as illustrated in Fig. 33).

The long-term solar cycle modulation of the Earth—ionosphere cavity by solar
X-rays had been first documented by Satori et al. (2005) based on long-term SR
frequency records. Both SR frequencies and Q-factors observed at different stations
exhibited maxima during the two solar maxima in 1992 and 2002 and minima in
1996. The observed variations were interpreted on the basis of a uniform cavity
and the presence of two characteristic ionospheric layers (Greifinger and Greifinger,
1978; Mushtak and Williams, 2002). The height and scale height of the lower (elec-

tric) layer were considered to be invariant over the solar cycle while for the upper
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Figure 33: Illustration of the deformation of the Earth—ionosphere cavity at solar minimum (left)
and solar maximum (right). At solar maximum X-rays and EEP reduce the cavity height more
significantly (dominantly over low- and high latitudes, respectively) which results in enhanced SR

intensity values beneath the deformed regions.

(magnetic) layer the authors inferred a height decrease of 4.7 km and a scale height
decrease from 6.9 to 4.2 km for the first SR mode from solar maximum to solar min-
imum. These changes result in an increase of the resonator’s Q-factor by 12-15%
(Satori et al., 2005). The intensity of a damped simple harmonic oscillator is known
to be proportional to the square of its Q-factor (Feynman et al., 2010), in agreement
with the theoretical description of SR (Egs. 2-24 in Nelson, 1967; Williams et al.,
2006). It follows that a 12-15% change in the Q-factor of the Earth—-ionosphere cav-
ity can result in a 25-30% increase of the first SR mode’s intensity. This estimate is
in agreement with the relative SR intensity values corresponding to the Hyg compo-
nent at the SHI and VRN stations (Fig. 29). As the Q-factor is a general property
of the Earth—ionosphere cavity this effect should contribute to the long-term SR
intensity variation at all SR stations around the globe.

The phenomenon involving charged particles deposited into the atmosphere
through various heliophysical and geomagnetic processes is called energetic particle
precipitation (EPP). EPP covers a wide variety of charged particles but protons
and electrons are the two main constituents to be considered with significantly high
fluxes (Mironova et al., 2015). As it has been stated in earlier works (Satori et al.,
2016; Williams et al., 2014a) proton events are too sporadic in time to yield the ob-
served persistent long-term modulation of SR intensity. Therefore, we consider the
precipitation of electrons hereafter which is usually referred to as energetic electron
precipitation (EEP).

The expected effect of EEP on SRs strongly depends on the characteristic pene-
tration depth of the electrons into the atmosphere. SRs are primarily responsive to

two specific altitude regions where the ionospheric dissipation is predominant (Satori
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et al., 2016). These are usually referred to as the electric (capacitive) and magnetic
(inductive) heights (Greifinger and Greifinger, 1978; Madden and Thompson, 1965)
to be found at around 50-60 km and 90-110 km altitudes, respectively (Greifinger
and Greifinger, 1978; Kulak and Mlynarczyk, 2013; Mushtak and Williams, 2002).
The main factor determining the penetration depth of precipitating electrons is their
energy (Fig. 25). Model calculations show that the magnetic height can be affected
by electrons in the 1-30 keV energy range while the electric height only by electrons
with energy above 300 keV (Artamonov et al., 2017; Mironova et al., 2019a; Rees,
1989; Satori et al., 2016). However, EISCAT incoherent scatter radar measurements
show that in connection with EEP the isopycnic surfaces of electron density can oc-
casionally descend by some tens of kilometers in the high latitude D- and E-region
(Belova et al., 2005; Miyoshi et al., 2015). To account for such a large decrease in
the SR magnetic height the effect of 30-300 keV electrons needs to be considered as
well. Generally, it is true that the lower the energy of electrons the higher the pre-
cipitated flux and the more continuous the precipitation in time (Lam et al., 2010).
Therefore, to account for the long-term modulation of SR intensity, electrons in the
1-300 keV energy range (affecting the magnetic height of SR) are the best candi-
dates. This energy range covers both auroral and radiation belt electrons (Mironova
et al., 2015). EEP is expected to affect the height of the Earth—ionosphere cavity and
the measured magnetic field locally where precipitation occurs consistent with the
conservation of energy flux (Satori et al., 2016; Sentman and Fraser, 1991; Williams
et al., 2014a). A permanent local decrease in the magnetic height is expected to
modulate the amplitudes of all natural variations in SR intensity on all timescales
as shown for the magnitudes of the annual variation in Fig. 28.

We also showed that EEP events are able to modify the Q-factor of the
Earth—ionosphere cavity (Fig. 31) which is in line with our observation that they
can affect both hemispheres as well as large longitudinal regions. This effect may
result in globally observable changes in SR intensity but this aspect needs to be
investigated further in the future. It is possible that the long-term 12-15% change
in the Q-factor of the Earth—ionosphere cavity documented by Satori et al. (2005)
may involve EEP-related changes as well.

Two important pieces of evidence were shown in this thesis for an EEP-related
deformation of the Earth—ionosphere cavity. First, exceptional increases of SR in-
tensities were documented in certain years, as in 2005 and 2012 (Fig. 29), which
are not solar maximum years, but are characterized by enhanced electron fluxes
(Fig. 30). Based on satellite observations Asikainen and Ruopsa (2016) reported on
enhanced electron precipitation at >30 and >100 keV fluxes related to Coronal Mass
Ejections (CMEs) in 2005 and 2012 which is in agreement with our findings. Sec-

ond, direct observation of EEP-related SR intensity enhancements were presented
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at widely separated SR stations on two selected days in June 2011 (Fig. 31).

5.4.2 Estimating the Long-Term Ionospheric Height Changes Associ-
ated with EEP

In this section we estimate the long-term average ionospheric height changes asso-
ciated with EEP for the Hgw component at the VRN station yielding the highest
intensity variation on the solar cycle timescale (40-60%) (Table 7). If we accept that
25-30% of the observed SR intensity enhancement is attributable to a global change
of the cavity’s Q-factor (independently of whether this change is related solely to
X-rays or to EEP as well) the remaining 15-30% in years with the largest enhance-
ment can be considered to be related to the local waveguide deformation caused by
EEP.

ob d (%) Q-factor related Height change
served 2 (%) related (%)
First SR mode | 40-60 | 25-30 | 15-30
11 Hy | 20-25 | ~0 | 20-25

Table 7: Observed SR intensity variations at the VRN station in the Hgw field component and
the predicted contributions of global Q-factor- and local ionospheric height changes.

We estimate the EEP-related height changes of the waveguide from the intensity
at 11 Hz (the first minimum between the first and second resonance peaks) which
can be considered to be mostly unaffected by the Q-factor of the cavity. Greifinger
et al. (2005) have made predictions for changes in the SR amplitude as a function
of the ionospheric height above the source and above the observer in the form of
symbolic equations. According to these equations the measured magnetic intensity
at a given frequency is proportional to the reciprocal value of the squared local
magnetic height. It follows that the 20-25% intensity enhancements documented at
11 Hz in 2005 and 2012 (which are in a good agreement with the resonance mode-
based estimation of 15-30%) correspond to an average magnetic height decrease of
~10% at VRN.

This average decrease in the magnetic height is considerably smaller than the de-
crease of isopycnic surfaces during an EEP event as observed by the EISCAT radar,
with enhanced ionization down to ~70 km (e.g., Miyoshi et al., 2015). Although
EEP events are very common especially near solar maximum and can result in SR
intensity enhancements in order of 50-100% (as shown in Fig. 31), they are not
permanent and each event is often confined to a limited longitudinal range (Bland

et al., 2021; Clilverd et al., 2007). Therefore, the smaller percentage average increase
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of SR intensity and the inferred decrease in the magnetic height is reasonable on the

interannual timescale.

5.4.3 Interpretation of SR-Based Results

As can be seen in Fig. 29 and Table 4 the solar cycle modulation of SR intensity can
be different station-to-station depending on the station location and on the wave
propagation path corresponding to the measured field component. A deformation
in the Earth—ionosphere cavity is expected to affect SR intensity locally where the
deformation occurs, whereas a change in its Q-factor is expected to affect SR inten-
sity (I) globally, for all propagation paths that cross the affected area(s). We aim

to describe these effects by two simple formulas:
I~Q, (88)

and
I~ (1/Hy), (89)

where Q and H,, denote the Q-factor of the cavity and its local magnetic height,
respectively. The solar cycle modulation of the Hyg field component at the SHI
and VRN stations can be well described by the X-ray-related global variation of the
cavity’s Q-factor and the Hgyw field component at the VRN station by the combined
effect of the Q-factor variation and an EEP-related height decrease of ~10%.

At different SR stations the wave propagation directions corresponding to the
perpendicular magnetic coils are differently affected by EEP. It seems to be gen-
erally true that the longer the propagation path crosses the precipitation-affected
area(s) the larger the solar cycle modulation of SR intensity. It is usually the Hyg
coil, sensitive to the east-west propagation direction, which yields propagation paths
with greater extents beneath the precipitation belt. This is the case for the high
latitude SOU, HRN, MAI and SYO stations (see Figs. 26a,e,f) where the solar cycle
modulation is indeed larger in the Hyg component as compared to the Hgw compo-
nent (Figs. 27 and 29). The Hyg coil is also more responsive at the two mid-high
latitude SR stations ESK and BEL in spite the fact that the GCPs corresponding to
the Hyg component at these two stations do not cross the northern precipitation belt
according to Figs. 26b and c. This result may indicate that the precipitation belts
are more extended towards lower latitudes as shown by the POES data. Towards
lower latitudes the flux of precipitating 30-300 keV electrons decreases and POES is
known to underestimate flux values below ~10*-10° electrons/cm?/sec/ster (van de
Kamp et al., 2018, 2016).

The magnetic height of SRs is affected by electrons with energies lower than

30 keV (the lowest channel of POES satellites) and these electrons may form wider
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precipitation belts. At the VRN and SHI stations the SR response is more pro-
nounced in the Hgw coil, sensitive to the north-south propagation direction. At SHI
the Hgw is the one field component with a GCP crossing the precipitation belts
(Fig. 26g) while at VRN the propagation path corresponding to the Hgw compo-
nent meets not only the southern precipitation belt but the South Atlantic Magnetic
Anomaly as well (Fig. 26b). Besides the dominant response of the Hgw component
as compared to the Hyg component this fact may account for the observation that
the Hgw component at the VRN station yields the highest response among all the
investigated records. Another factor that should be important for this observation
is that the longitudinal sector including America is shown to be affected by harder
electron precipitation spectrum than the other parts of the globe which can be at-
tributed to the tilted-offset dipole magnetic field of Earth (Clilverd et al., 2007).
We note that 2012 shows the highest relative SR intensity values at the HRN and
VRN stations (Fig. 29; Table 4) despite the observation that POES measurements
show larger EEP fluxes in 2005 as compared to 2012 (Fig. 30). We can explain this
observation by the fact that in 2012 both X-rays and EEP show enhanced values
while 2005 is in the declining phase of the solar cycle characterized by a lower X-ray
flux (Figs. 27a,b).

As we noted earlier in Section 5.3 EEP is known to have seasonal dependence
(Bland et al., 2019; Clilverd et al., 2007; Suvorova, 2017), i.e., June/July maxima
in its occurrence rate can be identified in both hemispheres. We note that rocket
measurements at polar stations also showed maximum electron density in June/July
at the 80 km height of the ionospheric D-region in both hemispheres (Danilov and
Vanina, 1999). We suggest that this seasonal dependence may contribute to the

observed modulation of the magnitude of the annual SR intensity variation (Fig. 28).

5.4.4 Interpretation of DEMETER-Based Results

DEMETER observations showed that the effective height of the Earth—ionosphere
waveguide is generally the highest at mid geomagnetic latitudes, lower at low geo-
magnetic latitudes and the very lowest at the highest observed geomagnetic latitudes
(in proximity to the precipitation belts) (Table 6) which is in a general agreement
with our SR-based findings that the Earth—ionosphere cavity is deformed by so-
lar X-rays (dominantly over lower latitudes) and by EEP (dominantly over higher
latitudes) (as illustrated in Fig. 33). The deformation effect of EEP has a larger
variability on the solar cycle timescale which results in a larger height reduction
at higher latitudes, as shown by the effective heights. This finding is in keeping
with the high latitude location of the precipitation belts. Although the documented
2.2% height decrease between 2005 and 2009 corresponding to mid-high latitudes is

considerably smaller than the ~10% value inferred for the VRN station, one needs
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to keep in mind that 1) DEMETER data are restricted to geomagnetic latitudes
lower than 65° , 2) the South Atlantic Magnetic Anomaly (which is in close vicin-
ity to VRN) is excluded from the dataset, 3) electromagnetic waves with higher
ELF, lower VLF frequencies are responsive at different altitude regions than the
magnetic height of SRs and 4) this is an integrated value for all longitudes while
the longitudinal sector including America is shown to be affected by harder electron
precipitation.

It is to be noted as well that the inferred effective height values were measured ex-
clusively on the nightside by DEMETER at 22:30 LT where solar X-rays are absent.
We can explain this seeming contradiction by assuming that lightning impulses may
propagate in the dayside hemisphere of the EIWG before escaping the waveguide

on the nightside (but close to the local sunset).

5.5 Conclusions

In the present study, long-term records of the first SR magnetic mode intensity from
eight different stations were compared with the fluxes of precipitating medium energy
electrons and with independently identified EEP events to confirm that the long-
term solar cycle modulation of SR intensity (documented originally at high latitude
stations) is caused by the EEP-related local deformation of the Earth—ionosphere
cavity. Although our results generally confirmed the presence of EEP-related de-
formations in the Earth—ionosphere cavity, we also found that the EEP-effect alone
cannot account for all our SR-based observations and that the combined effect of
solar X-rays and EEP needs to be considered. We have identified four distinct fac-
tors that can play important role in shaping long-term SR intensity records: 1)
X-ray related deformations of the cavity, 2) X-ray related changes in the Q-factor of
the cavity, 3) EEP-related deformations of the cavity and 4) EEP-related changes
in the Q-factor of the cavity. The exact interplay of these factors depends on the
location of the SR station and the orientation of the magnetic coils, i.e., on the wave
propagation path corresponding to the actual measurement. The deformation of
the cavity is expected to affect SR intensity locally beneath the deformed area(s)
whereas Q-factor variations are expected to introduce globally observable changes
in SR intensity.

In connection to EEP we showed that there is a very good phase agreement be-
tween certain SR intensity records and the long-term variation of 30-300 keV EEP
fluxes as provided by the POES NOAA-15 satellite which is most conspicuous in
years not exactly coincident with the solar maximum, as in for example 2005 and
2012 when both the EEP flux and SR intensity showed exceptional values. We
documented SR intensity and Q-factor enhancements connected to individual EEP

events on the daily timescale in June 2011 by comparing the corresponding records

84



5.5 Conclusions SOLAR CYCLE TIMESCALE

with EEP events independently identified by Bland et al. (2019) in the measure-
ments of the Syowa East SuperDARN radar. We showed that the effect of certain
EEP events can be identified in SR intensity records from both the Southern and
Northern Hemispheres (under different sunlit conditions), from different longitudi-
nal sectors and the EEP-related relative enhancement of SR intensity can attain
values as high as 50-100%. The solar cycle modulation of the magnitude of the an-
nual SR intensity variation was demonstrated and efforts were made to quantify the
ionospheric height changes associated with EEP. It has been shown that near the
Antarctic station Vernadsky (yielding the largest long-term SR intensity variation)
the upper (magnetic) characteristic height of the Earth—-ionosphere cavity resonator
decreased by ~10% in the most conspicuous years of EEP activity.

Bozoki et al. (2021) is the first paper to show that the solar cycle variation of
SR intensity is consistently observable all around the globe and gives a qualitative
explanation for this observation. Quantitative conclusions were made as well based
on simple SR intensity-cavity height, SR intensity-Q-factor relations, which describe
the identified effects reasonably well. To achieve a more detailed interpretation of
our observation-based results it is necessary to apply a full model of the SRs. We
hope that our work will motivate and assist such works in the future.

The effective height of the Earth—ionosphere waveguide as inferred from DEME-
TER measurements provided an independent view on the long-term deformation of
the Earth—ionosphere cavity. We showed that the largest height of the cavity can be
found at mid (geomagnetic) latitudes while the waveguide is depressed at low and
high (geomagnetic) latitudes which is in a general agreement with our general con-
clusion that the Earth—ionosphere cavity is deformed by solar X-rays dominantly
over lower latitudes and by EEP dominantly over higher latitudes. It has also
been demonstrated that effective height of the waveguide varies on the solar cycle
timescale at all (geomagnetic) latitudes and this effect is stronger at high (geomag-
netic) latitudes where energetic electrons can precipitate into the upper boundary
region of the Earth-ionosphere cavity.

We suggest that SR measurements may be suitable to collect information and
thus to monitor changes in the lower ionosphere associated with EEP which would
be highly valuable for investigating space weather processes and their impact on
atmospheric chemistry (see e.g., Mironova et al., 2015). Such measurements could
yield quasi-continuous information on EEP in a global sense in contrast to the space
and time limitations of satellite and radar observations.

Finally, the value of high latitude stations for SR-based research should be em-
phasized. Due to their remote locations, these SR stations have usually much lower
cultural noise contamination than stations at low- and mid-latitudes. And because

they are also remote from thunderstorm activity they are not subjected to the in-
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terference caused by nearby lightning. These two properties make high latitude
stations extremely valuable for SR-connected research aims, such as the reconstruc-
tion of global lightning activity by inversion methods. However, because of the
extra-terrestrial effects on the SR cavity at higher latitude as documented in this
work, it is of vital importance to consider all possible masking effects when analyzing

these data-sets in connection with lightning-related climate research.
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6 Summary

The focus of the present PhD dissertation is on Schumann resonances (SRs), which
are the global electromagnetic (EM) resonances of the Earth-ionosphere cavity. In
the lowest part (<100 Hz) of the extremely low frequency (ELF; 3 Hz - 3 kHz)
band EM waves radiated by lightning can propagate with very low attenuation
(~0.5 dB/Mm) in the waveguide formed by the Earth’s surface and the lowest part
of the ionosphere, and can travel a number of times around the globe before losing
most of their energy. It is the constructive interference of these waves propagating in
opposite directions (direct and antipodal waves) that creates the SRs which can be
observed at ~8, ~14, ~20, etc. Hz. The approximate number of 30-100 lightning
strokes per second worldwide maintains SRs quasi-continuously. SRs are known as
a powerful tool to investigate global lightning activity and large-scale changes in the
state of the lower ionosphere. More generally, SRs can be considered as a research
tool to study both the Earth’s climate and space weather.

SRs can be measured in the vertical electric and in the horizontal magnetic
field. At the Széchenyi Istvan Geophysical Observatory (SZIGO) (also known as
the Nagycenk Geophysical Observatory) near Sopron in Hungary, both the electric
and magnetic field components are measured using a vertical ball antenna and a
pair of induction coil magnetometers. I presented an up-to-date description of these
measurements. The SR measurements in the SZIGO were used in this dissertation
to study the El Nino-Southern Oscillation (ENSO) phenomenon.

The forward and inverse modeling parts of an inversion algorithm aimed to infer
the intensity and global distribution of lightning activity based on SR measurements
were described. In modeling SRs the transmission surface approach was followed
which means that the Earth-ionosphere cavity was considered as a two-dimensional
transmission line and the telegraph equations were solved. This is a valid approach
as the wavelengths of the guided ELF waves are much longer than the distance
between the Earth’s surface and the ionosphere. First, the 2D telegraph equation
(TDTE) was formulated and solved analytically for an ideal (lossless) case. Later,
the analytical solution has been modified to take into consideration losses connected
to the imperfect conductivity of the ionosphere and the conductance of air. These
solutions were given for the uniform Earth-ionosphere cavity which was then followed
by the description of an analytical and a numerical approach that can take into
consideration the day-night asymmetry of the Earth-ionosphere cavity. The cause
of this asymmetry is that the ionization sources (Lyman-series, UV, EUV, X-ray) on
the sunlit side are missing in the nightside hemisphere and the characteristic height
of the cavity increases due to the high neutralization rate. Finally, I showed how to

model the incoherently superimposed EM field of multiple lightning sources.
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I presented my implementation of the schupy open source python package and
its first function forward tdte, which enables the simulation of SRs generated by
given lightning sources and return the theoretical electric and magnetic fields at
an arbitrary geographical location. The forward tdte function applies the ana-
lytical solution corresponding to the lossy, uniform cavity and can simulate point
as well as extended sources. Schupy is available via the pip package manager sys-
tem and the project’s Github page. I presented three case studies based on the
schupy.forward_tdte function where I investigated the convergence of the theoret-
ical spectra, the spectra of antipodal sources as well as the spectra of an extended
source. These case studies demonstrated the usefulness of schupy in investigating
SR-related scientific questions.

I presented three numerical tests to compare the analytical and numerical solu-
tions of the TDTE. In both approaches some inaccuracy of the algorithms can be
expected and this is particularly true for the non-uniform case where the day-night
asymmetry of the Earth-ionosphere cavity is taken into consideration. The results
showed excellent agreement between the output of the analytical and numerical mod-
els (also in the non-uniform case). This agreement is a strong validation of both
models. Since the two solutions are completely independent, the result proves the
correctness not only of the formalisms but also of the implementations (the coding).

I introduced our SR inversion model aimed to determine the distribution and
intensity of global lightning activity in absolute units (C?km?/s) from a few SR
receiving stations. This parameter could serve as an important indicator of the
Earth’s changing climate. In the inversion process the logarithm of the source term
has been used in order to avoid negative source intensities. As a consequence the
forward modeling became nonlinear, and so a linearized inversion algorithm has
been introduced which is based on the singular value decomposition (SVD) of the
Jacobian. The applicability of the inversion algorithm was tested via synthetic data.

I presented my results related to the ENSO phenomenon. Multi-station observa-
tions of SR intensity documented common behavior in the evolution of continental-
scale lightning activity in two super El Nifio events, occurring in 1997/98 and
2015/16. The vertical electric field component of SR at Nagycenk, Hungary and
the two horizontal magnetic field components in Rhode Island, USA in 1997, and
in 2014-2015, the two horizontal magnetic field components at Hornsund, Svalbard
and Eskdalemuir, United Kingdom as well as in Boulder Creek, California and Al-
berta, Canada exhibited considerable increases in SR intensity from some tens of
percent up to a few hundred percents in the transition months preceding the two su-
per El Nino events. The UT time distribution of anomalies in SR intensity indicated
that in 1997 the lightning activity increased mainly in Southeast Asia, the Maritime

Continent and India, i.e. the Asian chimney region. On the other hand, a global
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response in lightning was indicated by the anomalies in SR intensity in 2014 and
2015. I found that SR intensity records also mirror some of the important differences
between the onset mechanisms of the two super El Nifio events. The increase in SR
intensity during the transition months was concentrated over a 2-3 month period for
the 1997/98 super El Nifo event. However, the 2015/16 event was built up in two
stages, and in line with this, two transition periods can be identified in the SR in-
tensity data. I confirmed the SR-based results by comparing them with independent
lightning observations from the Optical Transient Detector (OTD) and the World
Wide Lightning Location Network (WWLLN), which also showed increased light-
ning activity during the transition months. The increased lightning was attributable
to increased instability due to thermodynamic disequilibrium between the surface
and the midtroposphere during the transition. The main conclusion of the research
was that variations in SR intensity may act as a precursor for the occurrence and
magnitude of these extreme climate events, and in keeping with earlier findings, as
a precursor to maxima in global surface air temperature.

I analysed the changes in the properties of the Earth-ionosphere cavity on the
solar cycle timescale. The aim of the study was to confirm the theory that the
modulation of SR intensity on the solar cycle timescale (documented originally at
high latitude stations) is caused by the local deformation (decreasing height) of
the Earth-ionosphere cavity associated with precipitating electrons. To this end,
I compared the long-term records of the first SR magnetic mode intensity from
eight different stations with the fluxes of precipitating medium energy electrons
and with independently identified energetic electron precipitation (EEP) events.
Although the results generally confirmed the role of EEP, I also found that the EEP-
effect alone cannot account for all the SR-based observations. I concluded that the
combined effect of solar X-rays and EEP must be taken into account to interpret
the observations. I identified four distinct factors that can play important role in
shaping long-term SR intensity records: 1) X-ray related deformation of the cavity,
2) X-ray related changes in the Q-factor of the cavity, 3) EEP-related deformation of
the cavity and 4) EEP-related changes in the Q-factor of the cavity. The deformation
of the cavity is expected to affect SR intensity locally beneath the deformed area(s)
whereas Q-factor variations are expected to introduce globally observable changes in
SR intensity. I documented SR intensity and Q-factor enhancements connected to
individual EEP events on the daily timescale and showed that the effect of certain
EEP events can be identified in SR intensity records from both the Southern and
Northern Hemispheres (under different sunlit conditions), from different longitudinal
sectors and the EEP-related relative enhancement of SR intensity can attain values
as high as 50-100%. I demonstrated the solar cycle modulation of the magnitude

of the annual SR intensity variation and made efforts to quantify the ionospheric
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height changes associated with EEP. I showed that the largest height of the cavity
can be found at mid (geomagnetic) latitudes while the waveguide is depressed at
low and high (geomagnetic) latitudes which is in a general agreement with the
general conclusion that the Earth—ionosphere cavity is deformed by solar X-rays
dominantly over lower latitudes and by EEP dominantly over higher latitudes. I
also demonstrated that the effective height of the waveguide varies on the solar
cycle timescale at all (geomagnetic) latitudes and this effect is stronger at high
(geomagnetic) latitudes where energetic electrons can enter the upper atmosphere
along magnetic field lines. The results suggested that SR measurements can be
used to monitor EEP-related changes in the lower ionosphere. On the other hand,
SR intensity changes associated with space weather phenomena need to be identified
and removed/corrected to get a realistic estimation for the intensity and distribution

of global lightning activity.
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7 Osszefoglalé

Jelen doktori értekezés kézéppontjdban a Schumann-rezonancidk (SR-ék) allnak,
melyek a Fold-ionoszféra iireg globalis elektromégneses (EM) rezonancidi. A
villimok &ltal kisugdrzott EM hullamok az extrém alacsony frekvenciasav (ELF sdv;
3 Hz — 3 kHz) legalsé részén (<100 Hz) nagyon kis csillapitassal (~0.5 dB/Mm)
terjednek a Fold felszine és az alsé ionoszféra altal alkotott hullamvezetében, és
tobbszor is korbekeriilik a Foldet, miel6tt energidjuk nagy részét elveszitenék.
Ezeknek az ellentétes irdnyban terjedé (direkt és antipoddlis) hulldmoknak a
konstruktiv interferencidja hozza létre a SR-akat, melyek ~8, ~14, ~20 stb.
Hz-en figyelhetéek meg. A globdlis villamtevékenység, amely masodpercenként
hozzavetdlegesen 30-100 villamlast jelent, folyamatosan fenntartja ezt az EM rezo-
nanciateret. A SR-dk a globalis villamtevékenység és az alsé ionoszféra allapotaban
bekovetkez6 nagyléptékli valtozasok vizsgalatanak hatékony eszkozeként ismertek.
Altaldnosabban fogalmazva, a SR-ak a Fold éghajlatanak és az tridojarasnak
tanulmanyozasara szolgald kutatasi eszkoznek tekinthetdek.

A SR-4k a vertikalis elektromos és a horizontélis magneses térben mérhetéek.
A Sopronhoz kozeli Széchenyi Istvan Geofizikai Obszervatériumban (SZIGO) (més
néven Nagycenki Geofizikai Obszervatérium) mind az elektromos, mind a magneses
térkomponenseket mérik, egy gombantennaval, illetve indukciés magnetométerekkel.
A dolgozatban bemutattam ezeknek a méréseknek a naprakész leirasat. A SZIGO-
ban végzett SR méréseket az El Nifio-Déli Oszcillacié (El Nino-Southern Oscillation;
ENSO) jelenség tanulményozdséra hasznaltam fel az értekezésben.

[smertettem annak az inverzids algoritmusnak az elore- és inverz-modellezési
részét, amelynek célja a villamtevékenység intenzitasanak és globalis eloszldsanak
SR-mérések alapjan torténé meghatarozasa. A SR-ak modellezésénél az tn.
tavvezeték felillet (transmission surface) megkozelitést kovettik, ami azt je-
lenti, hogy a Fold-ionoszféra iiregrezonatort egy kétdimenzios téavvezetéknek te-
kintettiik, és a taviro egyenleteket oldottuk meg erre a rendszerre. Ez egy
helytalld megkozelités, mivel a vezetett ELF-hullaimok hullamhossza sokkal na-
gyobb, mint a Fold felszine és az ionoszféra kozotti tavolsag. Eloszor bemu-
tattam a kétdimenziés téviré egyenletet (TDTE) és annak analitikus megolddsat
egy idedlis (veszteségmentes) esetre. Ezt kovetéen ismertettem az analitikus
megoldas egy olyan modositasat, amely figyelembe veszi az ionoszféra és a légkor
vezetoképességéhez kapcsolédd veszteségeket.  Ezek a megoldasok a homogén
Fold—ionoszféra tiregrezonatorra vonatkoztak, melyet egy olyan analitikus és nu-
merikus megkozelités leirdasa kovetett, amely figyelembe veszi a Fold—ionoszféra
iiregrezonator nappali-éjszakai aszimmetriajat. Ennek az aszimmetrianak az az oka,

hogy a nappali oldalon 1évé ionizaciés forrasok (Lyman-sorozat, UV, EUV, ront-
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gen) nincsenek jelen az éjszakai félgdmbon, és ezért az iireg jellemz6 magassdga a
magas rekombindciés rata miatt megnd. Végill megmutattam, hogy hogyan lehet
modellezni tobb villamforras inkoherens modon szuperponalédé EM terét.

Bemutattam az &altalam implementalt schupy nyilt forraskédu python cso-
magot és annak elsé fliggvényét a forward tdte-t, amely lehet6vé teszi megadott
villamforrasok altal generdlt SR-ak szimuldlasat, és visszaadja az elméleti elektro-
mos és magneses tereket egy tetszoleges foldrajzi helyen. A forward tdte fiiggvény
a veszteséges, homogén tiregrezonatort leird analitikus megoldast tartalmazza, és
képes pont-, valamint kiterjedt forrasok szimuldlasara. A schupy elérheto a pip
csomagkezel6 rendszeren és a projekt Github oldalan keresztiil. Bemutattam harom
rovid esettanulmanyt a schupy.forward tdte fiiggvény segitségével, amelyekben
az elméleti spektrumok konvergenciajat, antipodélis forrasok spektrumait, valamint
egy kiterjedt forras spektrumat vizsgaltam. Ezek az esettanulmanyok bizonyitottak
a schupy hasznossagat SR-val kapcsolatos tudomanyos kérdések vizsgalataban.

Elvégeztem és bemutattam harom numerikus tesztet a TDTE analitikus és
numerikus megolddsainak oOsszehasonlitdsara.  Mindkét megkozelités esetében
varhaté némi pontatlansag, és ez kiilonosen igaz az inhomogén esetre, amikor a
Fold—ionoszféra iiregrezonator nappali-éjszakai aszimmetriajat is figyelembe vessziik.
Ennek ellenére a vizsgalatok kivalé egyezést mutattak az analitikus és a numerikus
modellek &ltal szolgdltatott eredmények kozott (az inhomogén esetben is). Ez az
egyezés egy er6s validaciéja mindkét modellnek. Mivel a két megoldas teljesen
fliggetlen, az eredmény nemcsak a formalizmusok, hanem az implementaciék (a
kédolas) helyességét is igazolja.

Bemutattam az inverziéos modelliinket, amelynek célja a globalis zi-
vatartevékenység eloszldsanak és intenzitdsdnak meghatarozdsa néhany SR-
vevéallomas alapjan egy abszolit fizikai mennyiség segitségével (C2km?/s). Ez
a paraméter a Fold véltozo éghajlatanak fontos indikatoraként szolgalhat. Az
inverziés folyamat soran a forras erdsségének logaritmusat hasznaltuk a negativ
forrasintenzitasok elkeriilése érdekében. Ennek kovetkeztében az eléremodellezés
egy nemlinedris problémava valt, amit a Jakobi-matrix szingularis értékfelbontasan
alapulé linearizalt inverzids eljarassal oldottunk meg. Az inverziés algoritmus alkal-
mazhatdsagat szintetikus adatok segitségével teszteltem.

Bemutattam az ENSO-jelenséghez kapcsolédo kutatéasi eredményeimet. A SR-
intenzitas tobb allomason térténo megfigyelése hasonld viselkedést mutat a konti-
nentdlis 16ptéki villimtevékenység alakuldsdban az 1997/98-as és a 2015/16-0s szu-
per El Nino események soran. A két szuper El Nino eseményt megel6z6 atmeneti
hénapokban a SR-intenzitéas jelents (néhany tiztél néhany szaz szazalékig terjedd)
megnovekedést mutatott 1997-ben Nagycenken az elektromos-, és Rhode Island-

en (USA) a mégneses térkomponensben, csakigy, mint 2014-2015-ben Hornsun-
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don (Svalbard), Eskdalemuirban (Egyesiilt Kirdlysdg), Boulder Creekben (Kali-
fornia, USA) és Albertdban (Kanada) a mdagneses térkomponensben. A SR-
intenzitas anomalidainak vilagidében mutatkozo eloszldsa alapjan kimutattam, hogy
1997-ben a villamtevékenység foként Délkelet-Azsidban és Indidban, azaz az dzsiai
zivatarrégioban nétt meg. Ugyanakkor a villamtevékenység globalis valtozasat
jelezték 2014-ben és 2015-ben a SR-intenzitds anomalidi. Megéllapitottam, hogy
a SR-intenzitas adatok tiikrozik a két szuper El Nifo esemény kialakulasa kozotti
fontos kiillonbségeket is. Az atmeneti idOszakra jellemz6 SR-intenzitas novekedés egy
2-3 hénapos idészakra koncentralodik az 1997/98-as szuper El Nifio eseménynél.
Ugyanakkor a 2015/16-os esemény két részletben épiilt fel, és ezzel Gsszhang-
ban két atmeneti idészak azonosithaté a SR-intenzitas adatokban. A SR-alapu
eredményeket megerésitettem az Optical Transient Detector (OTD) és a World Wide
Lightning Location Network (WWLLN) fliggetlen villammegfigyeléseivel valé 6ssze-
hasonlitassal, amelyek szintén fokozott villimtevékenységet mutattak az atmeneti
hénapokban. Az atmeneti id6szak sordan megnovekedett villaimlas a felszin és a
kozéptroposzféra kozotti termodinamikai egyensily hidnya miatt megnovekedett
instabilitdsnak tulajdonithat6. A kutatas fo kovetkeztetése az volt, hogy a
SR intenzitasdnak valtozasa elorejelzje lehet e szélsGséges éghajlati események
el6forduldsanak és nagysaganak, és a korabbi eredményekkel 6sszhangban a globalis
felszini levegéhomérséklet maximumait is elérejelezheti.

Elemeztem a Fold-ionoszféra tregrezonator tulajdonsidgaiban napciklus-
idoskalan bekovetkezo valtozasokat. A kutatas célja annak az elméletnek
a megerositése volt, hogy a SR intenzitdsdnak napciklus-idoskaldan toérténo
modulécidjat (melyet eredetileg csak magas szélességii dllomasokon mutattak ki),
a Fold-ionoszféra iiregrezonator kiszérédo elektronokhoz kapcsoldodd helyi de-
formacitja (csokkend magassaga) okozza. Ennek érdekében az elsé magneses SR-
modus intenzitdsanak nyole tavoli allomason mért hosszutavua iddsorait kiszorodo,
kozepes energiaju elektronok fluxusaval és fiiggetlen mérésekben azonositott e-
nergetikus elektronkiszérédasi (EEK) eseményekkel hasonlitottam oGssze. Bar az
eredmények megerositették az EEK-hoz kapcsolodd deformacio szerepét, ugyanakkor
az EEK onmagdban nem magyarazta az Osszes SR-alapi megfigyelést. Arra a
kovetkeztetésre jutottam, hogy a Nap rontgensugarzasanak és az EEK-nak az
egyiittes hatésat kell figyelembe venni a megfigyelések értelmezéséhez. Négy
kiilonbozo tényezot azonositottam, amelyek fontos szerepet jatszanak a hosszitavi
SR-intenzitds id6sorok alakitdsaban: 1) az lireg rontgensugérzassal osszefliggé de-
formécidja, 2) az iireg josdgi tényezdjének rontgensugarzassal Osszefliggd véltozdsa,
3) az ireg EEK-al Osszefiiggd deformécidja és 4) az tlireg josagi tényezdjének
EEK-al 0Osszefiiggd véltozdsa. Az tireg helyi deformdcidja (magassdgvaltozésa)

varhatéan lokalisan befolydsolja a SR-intenzitdst a deformadlt teriilet(ek) alatt,
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mig a josagi tényezo véltozasa varhatéan globalisan megfigyelhetd valtozasokat
okoz a SR-intenzitasban. Dokumentaltam egyedi EEK-eseményekhez kapcsol6do
SR-intenzitds és josagi tényezé novekedéseket napi idoskalan, és kimutattam,
hogy bizonyos EEP-események hatasa jol azonosithaté mind a déli-, mind az
északi félteken (éjszakai és nappali oldalon), kiilonb6zé hosszisagi szektorokbdl
szarmaz6 SR-intenzitds adatokban, és a SR-intenzitds EEK-hoz kapcsolédé relativ
novekedése elérheti az 50-100%-ot is. Bemutattam az éves SR-intenzitdsvaltozés
nagysaganak napciklus-idéskalan jelentkezd modulacidjat, és ercfeszitéseket tet-
tem az EEK-hoz kapcsoldédd ionoszférikus magassagvaltozasok szamszerisitésére.
A Fold-ionoszféra hulldimvezeté effektiv magassiganak a DEMETER miihold
méréseibdl szarmaztatott értékei fiiggetlen képet nyujtottak a Fold—ionoszféra
iireg hosszutavi deformaciéjarél. Megmutattam, hogy az iireg legnagyobb ma-
gassaga kozepes (geomégneses) szélességen taldlhatd, mig a hullimvezetd alacsony
és magas (geomagneses) szélességen alacsonyabb, ami egybevag azzal az altalanos
kovetkeztetésemmel, hogy a Fold—ionoszféra iireget alacsonyabb szélességen a
Nap rontgensugéarzasa, mig magasabb szélességen az EEK deformalja. Azt is
kimutattam, hogy a hullamvezeto effektiv magassdga napciklus-idéskalan minden
(geoméagneses) szélességen véltozik, és ez a hatds erésebb magas (geomégneses)
szélességen, ahol a kiszorédo elektronok a mégneses erévonalak mentén belépnek
a felsolégkorbe. Az eredmények alapjan a SR-mérések alkalmasak lehetnek EEK-

hoz kapcsolodd valtozasok nyomonkovetésére az also ionoszféraban.
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