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Abstract impact is modeled of the day-night nonuniformity of the Earth-ionosphere cavity on the
source bearing. The smooth day-night interface is considered. The source is located at the 22.5° N; 0° E
point, and the observer is positioned at 22.5° S; 0° E. Propagation path position corresponds to 4 hr UT
(the night side) and to 8 hr UT (the dayside of morning terminator). We apply the full wave solution to
determine the propagation parameters of extremely low frequency radio waves and solve the problem by
using the 2-D telegraph equations. The following results were obtained: Terminator impact is absent when
the propagation path is at the center of night or day hemisphere. Deviation of source bearing varies with
frequency similarly to Schumann resonance pattern and may reach 3-4° at certain frequencies. A weak
elliptic polarization is observed for the monochromatic radiation; its sign changes when propagation path
shifts from one side of the day-night interface to the other. Temporal variations of the pulsed orthogonal
components of horizontal magnetic field form a hodograph outlining complex loops, which obstructs the
source bearing. Waveforms change noticeably due to frequency response of a receiver, but the maximum
instantaneous deviations do not exceed 1-2°. Effect of the day-night nonuniformity on the Schumann
resonance fields does not exceed the level of natural fluctuations caused by the background lightning
activity. Therefore, deviations in the source bearing caused by the day-night nonuniformity might be
detected exclusively for exceptionally great extremely low frequency transients.

1. Introduction

Global thunderstorms are the major source of natural radio emission in the extremely low frequency
(ELF = 3-3,000 Hz) band where the global electromagnetic (Schumann) resonance is observed. It is possible
to determine the current location of global thunderstorms and investigate their dynamics during the day by
measuring the arrival angles of radio waves at an observatory. The source bearings are especially necessary
in locating extremely powerful lightning strokes exceeding the current ELF continuous background radio signal
arriving from the global thunderstorms by a factor of 10. Such huge pulses arrive at a rate of approximately
once in 10 min. These powerful lightning strokes are able to modify the air conductivity in the middle
atmosphere and cause the phenomena regarded as red sprites and blue jets. Therefore, it is interesting to study
the spatial distribution of such strokes from a remote observatory. Since the source-receiver distances may
reach many thousands of kilometers, it is desirable to determine the source azimuth as accurately as possible.
The concerns are quite natural that the day-night nonuniformity of the Earth-ionosphere cavity might cause
systematic errors in the source bearing. The recent paper by Mlynarczyk et al. (2017) discussed the observed
deviations in the source azimuth at low frequencies. The source azimuth errors were determined from
simultaneous measurements of the low-frequency radio waves and registrations of the local lightning location
network. The average deviations of the source azimuths reaching 6° were recorded when the ionospheric
day-night interface passes over the propagation path. We were interested in these results and estimated
possible deviations in the source azimuth by using model calculations of Schumann resonance radio signals.

Computations were performed in the cavity with a smooth day-night transition (Galuk et al., 2018). The model
we use is presented in Figure 1. The upper frame here depicts the height dependence of atmospheric
conductivity in ambient day (curve with closed circles) and night (curve with stars) conditions. The ordinate
depicts the altitude above the ground level in kilometer, and the abscissa shows the logarithm of air
conductivity measures in seimen per meter. The diagram in the lower part of Figure 1 illustrates the geometry
of smooth day-night interface.
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We postulate that properties of the middle atmosphere of the day and the
night hemispheres are independent of the angular coordinates and vary
only with altitude. The exception is the transition region from the light
to shadow area (the solar terminator). We use a realistic model of smooth
interface connecting a larger sunlit and a smaller shadow ionosphere (we
do not account for the finite dimension of solar disk). The conductivity pro-
file of ambient day is valid on the dayside and up to the distance of 875 km
from the solar terminator line toward the night side. This inequality arises
from the location of ionosphere in the shadow thrown by the planet and
the lower boundary positioned at a definite height. The strip of 875 km
is obtained for the particular height of the dayside ionosphere of 55 km,
as seen in the lower diagram of Figure 1. The height of ionosphere lower
boundary grows up to approximately 90 km on the night side of the globe,
which corresponds to a dawn-dusk area lying above the dark side of the

planet at distances from 875 to 1,070 km from the solar terminator line.

-14 -12 -10 -8 -6 -4 -2 0 In this 875-1,070-km interval, the parameters of ionospheric plasma vary,
and we use in the model the smooth linear transition from the day charac-
. o . teristic heights to the night ones. One may say that horizontal changes of

SmOOth DaY'nght transition conductivity occur linearly from the daytime to the nighttime values.
The computations were made for the equinox period. This means that cen-
/%70 ters of the day and the night hemispheres are located at the equator, and

8

the light-shadow boundary on the ground is coincident with the meridian.

The source and the receiver occupy the same zero geographic meridian,

« ?%/‘

the source latitude is equal to 22.5° N, and that of the observer is 22.5° S.

Thus, the propagation path has the length of 5 Mm, and it is oriented from

North to South, and it remains “parallel” to the solar terminator line during
the day, as distances from the source and observer to the day-night inter-

face are always equal to each other. Owing to such a choice, the center of

the propagation path is coincident with the center of the night hemi-

sphere on the UT midnight, and it is coincident with the center of the

day hemisphere on Greenwich noon.

_/ The propagation parameters of the ELF radio waves were computed for

the given day and night profiles of the middle atmosphere conductivity
by using the full wave solution in the cavity with the smooth day-night

Figure 1. Earth-ionosphere cavity model used in the computations. interface. The Riccati equation was used in computations (Galuk et al.,

2015, 2018; Kudintseva et al,, 2016; Nickolaenko et al., 2016a, 2016b,
2017). The wave fields were found by solving the 2-D telegraph equation (2DTE). In contrast to the published
papers treating only the vertical electric field component, we computed also the two orthogonal compo-
nents of the horizontal magnetic field in the nonuniform cavity.

We demonstrate the geometry of the problem in Figure 2. The side view of the globe is shown in the upper
frame of this figure. Here the equator is drawn together with the northern 22.5° N and the southern 22.5°S
tropic parallels: the latitude occupied by the field source and the observer. A meridian of solar terminator is
also shown, and the night hemisphere is located closer to the viewer. The intersection of equator and the ter-
minator line corresponds to 6 hr UT. We show the vertical source-observer arcs at equal distances from the
terminator to the left and to the right from it. Their positions correspond to 4 and 8 hr UT (60° and 120° E long-
itude). The same two positions of the source-receiver path are also depicted in the lower panel of Figure 2
where the top view is used.

We use the paths parallel to the terminator line in the sense that the distances from the terminator are equal
to both the source and the receiver. Such an arrangement corresponds to the ultimate deviations in the
source bearing.

Indeed, let us imagine the equatorial positioning of the field source and the observer prior to treating our pro-
blem. Such a propagation path is permanently perpendicular to the solar terminator line, and the impact of
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the day-night nonuniformity is completely absent in the source bearing.

Terminator Indeed, the wave front propagating from the source might be found in
any hemisphere, and its outline may vary correspondingly when crossing

the day-night interface due to alterations of the propagation constant.

Day However, the front itself remains symmetrical relative to the equator.
Therefore, the normal to the wave front (which actually is the source bear-

Northern Tropic.  SRC | SRC ing) will retain its orientation. Depending on the time of day, the radio sig-

__Equator

nal amplitude might vary at the perpendicular propagation path (Galuk

SouthernTroﬁ

Night

by = 6421 km

f,=4hr

et al,, 2018), although the propagation direction remains stable owing to
the normal wave incidence on the day-night nonuniformity.

S S
The situation is completely different at the parallel paths, especially, when
the source and the observer come into the vicinity of solar terminator. In
this case, the night and the day sides of the wave front have unequal
phase velocities, and this will cause the ultimate excursions of the wave
front normal.

t,=8hr

Validity of above speculations is obvious for a sharp day-night interface,
whereas we apply a more realistic smooth night-day transition of
1,070 km width (see Figure 1). Because of the finite width of the day-night
interface, we must place the propagation paths at definite distance out-
side the terminator area. Two characteristic times were chosen t, = 4
and ty = 8 hr corresponding to +30° angular distance between the solar
terminator and the propagation paths. The structure of the smooth day-
night interface in the ionosphere was explained by the lower diagram of
Figure 1. Since the spherical Earth has the 40-Mm circumference, its radius
is a = 6,366 km. By assuming that the lower boundary of the daytime iono-
sphere lies at 55-km altitude above the ground, we obtain its radius
bpay = 6,421 km. The night ionosphere has the height of 90 km, so its
radius is byigut = 6,456 km. By using these values, one will obtain the
distances of 875 and 1,070 km shown in Figure 1. The above radii clearly
indicate that a descriptive lower diagram of Figure 1 cannot show the

= actual proportions.
byicpr = 6456 km prop
We try to show the situation in a more realistic way in Figure 2 (the bottom

Midnight

2 =6366 ki panel). It schematically shows the upper view of the ionosphere boundary

from the North Pole side. The daytime ionosphere is found on the left, and

Figure 2. Positions of propagation path in the Earth-ionosphere cavity with  the night ionosphere is on the right. The dark strip to the right from the

the smooth day-night nonuniversity. SRC = source.

solar terminator depicts the area of smooth transition of ionosphere para-
meters from their day to the night quantities. The angular width of this
area is ~10° (1,070 km along the ground surface). The centers of the night and the day hemispheres are visible
together with the morning terminator t, = 6 hr. The rays to the sides from the terminator line have the tilt of
+30°, and they mark positions of t;, = 4 hr and t, = 8 hr meridians. The thick bars at these meridians denote
the propagation paths visible from above the North Pole. Only the source points are visible marked by the
circles labeled SRC (source). A second half of propagation path and the observer are hidden behind the
horizon (the equator line).

2. Source Bearing

The main problem associated with applications of 2DTE proposed by Madden and Thompson (1965) for com-
puting the ELF radio wave propagation was the absence of description in what a way the elementary induc-
tance L, capacitance C, and resistance R might be obtained for the two-dimensional RLC network modeling
the Earth-ionosphere cavity, as well as the source parameters (right-hand side of the equation). The paper
did not either describe how to convert the 2DTE solution into the electromagnetic field components.
Probably therefore, application of 2DTE in Schumann resonance studies was delayed. A rigorous justification
was given by Kirillov (1996, 1998), Kirillov et al. (1997), and Kirillov and Kopeykin (2002, 2003) for the
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applicability of the 2DTE itself and for parameters involved in equations. This approach was applied in studies
by Pechony and Price (2004) and Pechony (2007). An independent approach to 2DTE implications at ELF was
suggested by Kulak et al. (2003).

According to Kirillov's formulation, the 2DTE have the following differential form:

. ( gradu SU+ Us
k*——= 1
dIV( m ) + He 0, M

where k is the wave number; u is the sought voltage; us is the voltage of the external sources of the field.

Parameters involved in equation (1) are the complex quantities associated with the elementary inductance L
and the capacitance C—the so-called “electric” Hc and the “magnetic” H, heights. These parameters have a
clear physical meaning: the real part of Hc is the height of the electric field penetration into the ionospheric
plasma for the normal incidence of the plane wave on the air-plasma interface. The real part of H, is the alti-
tude of the magnetic field penetration into the nonuniform ionospheric plasma. The imaginary parts of these
parameters are associated with the energy loss; they are proportional to the height scales of the conductivity
profile in the middle atmosphere. For example, one obtains Hc = h in the model of a sharply bounded iono-
sphere, uniform along the height with a constant conductivity ¢ starting from the altitude h. The magnetic

height H, exceeds the electric height Hc by the complex skin depth of the ionosphere, that is, H. = h

4+, [

iwa®

The propagation constant v and the normalizing integral Ny are used in solving the ELF radio propagation
problem, and these are derived by using the full wave approach (Galuk et al,, 2015; Hynninen & Galuk,
1972; Nickolaenko et al., 2016a, 2016b, 2017) in the regular Earth-ionosphere cavity. Fortunately, there are
formulas linking these parameters with quantities used in 2DTE: the complex heights Hc and H,. First of all,
it turns out that parameters Ny and Hc might be set equal to each other Hc = Ny within the ELF band. This
equality is a nontrivial one indeed, since the quantities are found from completely different considerations.
Moreover, the electric altitude Hc is introduced as a linear form relevant to the vertical electric field compo-
nent (E):

[ E(r.0,0)dr
E(a,0,9)

while the normalizing integral H.(9, ¢) = £ (a, 6, ¢’)Ia E/(r,0,9)dr Ny is defined as a quadratic form of the
eigen-function po(r, 6, ¢) (Kirillov, 1996; Kirillov et al., 1997; Kirillov & Kopeykin, 2002, 2003):

Hc(0,9) = 2

2 o 2
_ |1 _a por) , 2. 0
No — {po (a)] R — —d(a,2). 3)

Here a is the Earth’s radius, and po(r, 6, ¢) is the eigen-function of spherical Earth-ionosphere cavity.

Second, the following dispersion relation is valid: (ka$)*> = v(v+ 1) = Z—é where S is the complex sine of the

incidence angle of a plane wave on the ionosphere, and v(f) is the ELF complex propagation constant.

Thus, the algorithm of finding parameters involved in the 2DTE is reduced to the following. First, parameters v
and Ny are computed by using the procedure described by Hynninen and Galuk (1972), Galuk et al. (2015),
and Nickolaenko et al. (2016a, 2016b, 2017). The system of two differential equations is solved numerically
for the function ¢ (ionospheric surface impedance) and its derivative with the parameter 2 = v(v + 1) being
the separation constant of the wave equation in the spherical coordinate system. The propagation constant
v is found by Newton iterative procedure with the initial value of v = ka. The normalizing integral Ny is
expressed in terms of the impedance derivative with respect to the parameter /.

Further, one obtains the 2DTE parameters in the entire range of variables € and ¢ by using the above rela-
tions He = Ny and H; = Hcv(v + 1). The 2DTE (1) acquires the following form in the spherical coordinate
system {r, 6, ¢}
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H.[0, p| 06

sin%0 0Op

H (8,0) 0 ( sin@ ou\ H. (6,9) 0 1 ou
sind 00

2 _
< Hy (6, (p)@) + (kaS)"(u+us) =0, 4

where the external source us (the vertical electric dipole source of the P, moment) is found from the formula
— 3(9)

Us = PO 2meoa? sinf®

In distinction from works by Kirillov group, equation (4) is solved by the grid method using the so-called block

tri-diagonal matrix algorithm regarded in Russian literature as matrix sweep technique (Samarskyj, 2001). An

advantage of this approach is that the solution is constructed at the entire surface of the globe.

After obtaining the solution of 2DTE in a form of u(6, ¢), which is the voltage between the ground surface and
the ionosphere, it is possible to turn to physically measurable variables: the vertical electric field component
E, and the horizontal magnetic field components H, and H,;:

u(d, p)

E = 5
r HC7 ()

i ou
Hy=——
? " kaZyH, 80’
i ou

e — 7
kaZyH, sin@ 0p %

Ho
All the fields in equations (5)-(7) are complex functions of frequency since they are the Fourier transforms of
the real functions of time. Z; is the free space wave impedance. Only the E, component was addressed in all
publications using 2DTE. Since the goal of our study is an impact of the day-night nonuniformity on the
source bearing, we have to additionally compute the orthogonal magnetic field components Hy and H,,.

The vertical electric and two mutually orthogonal horizontal magnetic field components are recorded in
experimental observations. The latter are usually directed from west to east (Hye = H,,) and from south to
north (Hsy = —Hy) in the geographical coordinate system. When the orientation of the magnetic antennas
is changed (by rotating them by an angle o around the vertical OZ- axis), the new field components Hy-
and Hy-are expressed in terms of the old components Hy = Hye = H,, and Hy = Hsy = —H, by using the follow-

) . Hy cosa.  sina Hy . .
ing matrix = ) . We assume in what follows that magnetic antennas are
HV —sina  cosa Hy

oriented along the cardinal directions, so that the angle a = 0.

We solve in what follows the source-bearing problem from a particular observation site. Direction to the
source is coincident with the geodetic line connecting the transmitter and the receiver. Direction toward
the source is regarded as perpendicular to the horizontal magnetic field vector at the observatory; therefore,
in the regular (uniform) cavity, the longitudinal field component Hy is equal to zero. This field is generally non-
zero in a nonuniform cavity, and the source bearing deviates from the actual meridional direction. It should
be noted also that, because of the phase mismatch between the Hy and H,, components at a given frequency,
the tip of the total horizontal magnetic field vector moves along an ellipse in time, the trajectory is regarded
as the polarization ellipse. The tilt angle y of the semimajor axis of this ellipse relative to the direction perpen-
dicular to the geodetic line (direction to the source) is the sought azimuth of the source. It is calculated from
the formula:

8

; . <2[Re(H¢) Re(Hy) + Im(H,) |m(H9)}>

y=—<tan
[Ho|* = |Hl?

When one of the field components (usually the Hy component) is much smaller than the other one, one can
use the simpler formula: y= — Re Z_:, .

3. Model Results in the Frequency Domain

It was shown by Galuk et al. (2018) that impact of the day-night interface arises due to reflections of ELF radio
waves incident from the field source on the ionosphere irregularity in the Earth-ionosphere cavity. The

NICKOLAENKO ET AL.

10,899

85UB017 SUOWILIOD SAIER.D 3[edtidde au Aq peusenol 91 S9ILE VO 'S J0 S9N 104 ARe1q18UNIUO AB]IAM UO (SUOTHIPLIOD-PUE-SULIBIWIOD" A8 |1 ARG BUTUO//SARY) SUORIPUOD PU. SIS | 843898 *[7202/20/22] Uo A%eiqiauliuo A8|im ‘Pueiod aueiyoo Aq TS6820aC8T0/620T OT/I0p/0o Aa|im AReiqipuljuo'sgndnBe/sdiy wosj pepeojumoq ‘6T ‘8T0C '966869T2



Journal of Geophysical Research: Atmospheres 10.1029/2018JD028951

reflection characteristics depend on the position of propagation path
against the nonuniformity. Obviously, the geometry of the problem

becomes symmetric at UT noon and the UT midnight in spite of the day-

reflected from the terminator turns into zero at the observation site, and

/—"\}(/ZW\\ night nonuniformity. At these time moments, the amplitude of wave

0 p "\ 7 / the effect of the inhomogeneity disappears. Reflections increase when
1 M / oo’ the propagation path comes closer to the morning or evening edge of the
Sl day or the night hemisphere. We performed computations on the UT
-2 times ty =4 and t, = 8 hr for the smooth day-night transition model having
the dawn-dusk zone extended to 1,070 km from the solar terminator line
\Hypaul, dB (see Figure 1). Owing to daily rotation of the Earth, the source and the
276 receiver occupy the 60° E meridian when t, = 4 hr (the night side in the
278 0 \ A A . vicinity of the morning terminator). When t;, = 8 hr, the propagation path
-280 // \ \ Vi S moves to the 120° E longitude (the day side of morning terminator).
—282 ¥ = -
4 U The upper panel in Figure 3 shows the frequency dependence of the
—284 i Vf source bearing, and we suggest that the field is produced by the vertical
—286 electric dipole source with the current moment independent of frequency.
: This means that the charge moment of source varies in time as the step
|H gy a.u|, dB —— UT=4hr o
1 UT=8br function (similarly to a cloud charge moment), and the current moment
=305 1 A ‘ — UT=0hr is a Dirak’s delta function (similarly to that of an ideal lightning stroke).
310 1~ UJK\/\ M : ! The abscissa in all three frames of Figure 3 depicts the frequency in the
”\ \/W “"%%N band 4-150 Hz, and the ordinate shows the source azimuth in degrees
ST ¥ ““\‘::Q derived from the ratio of Hsy(t) and Hy(t) field components. We count
~320 the source bearing measured at the observation point as in a compass:
- f Hz the positive values are found to the east (clockwise) from the North direc-
-2 0 20 40 60 80 100 120 140 tion, and the negative azimuths are to the west from the North direction

Figure 3. Spectra of the source bearing and magnetic field components. The
upper panel shows the source azimuth as a function of frequency for three
positions of propagation path relative to the day-night nonuniformity. Two

(counterclockwise). We must also have in mind that the “unusual” Hsy field
component is equal to zero when t; = 0 and t, = 12 hr. This particular field
component arises from the wave reflections from the day-night interface,

lower panels depict the amplitude spectra of the Hyyr and Hsy field com- and owing to the symmetry of the problem, the source bearing points

ponents that govern the source azimuth deviations.

strictly to the north at these particular time moments.

The upper frame in Figure 3 depicts frequency variations of the source bearing. The green straight line cor-
responds to the propagation path symmetrically positioned at the center of the night hemisphere (t, = 0 hr)
when no deviations arise in the source azimuth. The blue curve with stars corresponds to the path location on
the shaded side of the planet (t, = 4 hr), and the red curve with the closed circles shows the data on the day-
side of morning terminator (t;, = 8 hr). One may observe that deviations from the actual direction toward the
source depend on the signal frequency, and they may slightly exceed 3°. The average source bearing is
shifted eastward, toward the center of the day hemisphere on the dayside of the planet (t, = 8 hr). On the
night side of the morning terminator (t, = 4 hr), the source bearing is shifted, on average, westward from
the actual direction (toward the center of the night hemisphere).

Such behavior of the source bearing is conditioned by two factors. The first of them is amplification of wave
reflections when propagation path approaches the day-night interface: the reflections are amplified at glid-
ing incidence angles at the ionospheric nonuniformity. This is why we observe no deviations when t;, =0 hr,
while data for t; = 4 and t;; = 8 hr show variations in the source bearing. Excursions of the source azimuth
demonstrate obvious marks of Schumann resonance up to ~80-Hz frequency. The second factor, which
becomes especially obvious at higher frequencies, is the wave reflection from the day-night interface. One
may conclude that the reflection coefficient of ELF radio wave from the terminator changes its sign when pro-
pagation path is shifted from the night side to the dayside of interface. Therefore, at higher frequencies, the
observed source bearings deviate in the opposite directions from its actual zero value.

Two lower panels in Figure 3 show amplitude spectra of horizontal magnetic field components Hy¢ (f) and
Hsy (f). The ordinates depict the spectral amplitude of the “regular” and the “anomalous” field component
both measured in decibel relative arbitrary units. The field component Hsy is much smaller than Hyyg: this
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Frequency, Hz

Figure 4. Source bearing of the nonuniform Earth-ionosphere cavity over

the time-frequency plane.

Source Bearin;

\/
e @

is the field arising from the wave scattering by the nonuniformity. The blue
/ curve with the stars corresponds to the propagation path located at the
terminator night side (ty = 4 hr), and the red curve with closed circles cor-
responds to ty = 8 hr. The “reference” green spectrum of the “midnight”
ty = 0 hr field |[Hye ()| is very close to the both near terminator spectra.
All regular field components Hye (f) demonstrate the customary
Schumann resonance pattern pertinent to the source-observer distance
of 5 Mm, although minute deviations exist relevant to the position of pro-
pagation path relative to terminator. The small scattered field component
Hsy (f) also has maxima at Schumann resonance frequencies. But its gen-
eral outline is different, as it depends on the reflections from the day-night
14 16 18 20 22 24 interface. Existence of two nonzero horizontal magnetic field components
UT, br causes perturbations in the source bearing depending on signal fre-
quency, and these deviations carry the Schumann resonance pattern.
The plots in the lower panels explain how deviations arise in the
source bearing.

The noted properties of reflected waves might be derived from the following qualitative straightforward con-
siderations. A fictitious field source should be introduced in addition to the actual one in the presence of a
reflecting boundary. It is located on the other side of the day-night interface symmetrically to the actual
source. The fields from the true and fictitious sources are summed at the observation point, and the horizon-
tal magnetic field vector is perpendicular to the line connecting the observer and the true source in the first
case, and it is orthogonal to the line connecting the observer and the fictitious source in the second case. The
horizontal magnetic field of the direct wave arriving from the true source is always oriented along the ¢ axis
or along the west-east direction in the chosen geometry of the problem. The magnetic field of the wave
reflected from the terminator (the wave coming from the source image) is tilted and has two projections
H, = Hwe and Hy = Hsy at the observatory. The resulting amplitude of the west-east component deviates from
the field amplitude in the uniform cavity. In addition, an anomalous south-north component appears, which
alters the observed source bearing. It is obvious that perturbations of the source azimuth depend on the geo-
metry of the problem, in particular, on the path distance from the day-night interface.

The above considerations become rigorous when the problem is of Cartesian flat geometry, the terminator is
sharp, and the reflections from interface are perfect. These conditions are not held in our model. Therefore,
the explanation suggested remains qualitative and might be used only for interpretation of
computational results.

Frequency variations of source bearing reminding of Schumann resonance pattern were presented in experi-
mental observations by Belyaev et al. (1999). However, the nature of those much greater deviations was dif-
ferent; they apparently originated from the particular excitation conditions of the cavity during
measurements when both the African and the South American thunderstorm centers were active simulta-
neously, while the directions toward these centers departed by approximately 90° from the observation site
(Belyaev et al., 1999).

Figure 2 shows frequency variations of the source bearing for discrete time moments. A much more compre-
hensive picture of deviations is obtained when plotting the source azimuth in the form of a 2-D map over the
time-frequency plane as seen in Figure 4.

The universal time is shown along the abscissa in Figure 4 ranging from 0 to 12 hr. The ordinate shows the
frequency from 4 to 40 Hz, and the source azimuth measured at the observation site is shown by color inking.
The color scale is shown to the right of the map. The center of propagation path is coincident with the center
of the night or day hemisphere, when t, = 0 and t, = 12 hr correspondingly. Figure 4 demonstrates that
deviations in the source bearing are equal to zero y = 0 at these time moments. The source azimuth map
is symmetric against the vertical axis ty = 12 hr, that is, the distribution of the 0 < t;; < 12 hr interval might
be reflected about this axis, and thus, we obtain distribution in the interval 12 < t;; < 24 hr. As might be seen
in Figure 4, deviations in the source azimuth depend substantially on the frequency and the position of
propagation path relative to the terminator line. The maximum deviations may slightly exceed +3°.
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40 [Hwel, dB In a uniform Earth-ionosphere cavity, the observed horizontal magnetic
276 field has only the single component H, = Hy oriented along the geo-
-277 graphic parallel, provided that the source and observer occupy the same
—278 meridian. In the presence of nonuniformity of the day-night type, the
-279 . . . .
980 amplitude of this component slightly changes, and an additional field
-281 component Hy = Hsy appears of small amplitude. It is directed along the
:;Zg meridian, and the source bearing is distorted as a result. Figure 5 shows
o84 amplitude distributions of the Hyyr and Hsy fields over the time-frequency
-285 coordinate plane. These amplitudes are measured in relative units, and the
-286 decibel scale is used.
-287
The upper panel in Figure 5 shows the amplitude of Hy (ty, f) component.
Here the stripes of resonance maxima and minima in the field amplitude
are clearly visible. One may observe that the amplitude of the horizontal
2305 magnetic field increases in the time interval 5 < t; < 6 hr when the propa-
310 gation path is found under the dayside of ionosphere. Such behavior of
E 30 the field amplitude is familiar, since it is caused by the change in the iono-
05 —315 sphere height (see, e.g., Galuk et al,, 2018).
% 20 —320 The lower panel in Figure 5 shows the amplitude of the “scattered” Hsy (ty,
?‘; —325 f) field. The pattern in this figure is much more complicated. Here one
15 -330 meets a succession of maxima and minima of the amplitude, which arose
_335 due to reflections from the day-night nonuniformity. The interference
maxima and minima become especially pronounced at resonance fre-
quencies of 8, 14, 26, and 32 Hz. The number of maxima increases with
0 2 4 6 8 10121416 18 20 22 ZI?T b growing frequency, that is, the peaks are visible along the horizontal lines

Figure 5. Amplitude of magnetic field horizontal components above the

of fixed frequency. Such behavior is readily explained by the decrease of
the radio wavelength.

time-frequency plane. The regular Hyz component is shown in the top A remarkable feature is clearly visible in the lower frame of Figure 5 perti-

panel; the “anomalous” Hsy component in the bottom panel.

nent to reflections from the day-night interface: concentration of maxima
(red spots connected by yellow strips) and minima (blue spots inside the
green strips) of the Hsy (ty, f) field is extended along the system of hyperbolas. It is easy to guess that such
a phase difference structure arises from the interference of the direct wave and the wave reflected from
terminator due to their nonzero path difference. Thus, two processes are involved in formation of spatial
amplitude distribution of the anomalous Hsy field. From one hand, this is the Schumann resonance that
forces the increase of spectral density at frequencies of 8, 14, 20 Hz, and so forth. On the other hand, the wave
reflected from the terminator imposes additional amplitude modulation on the resonance structure. Relevant
reflections from terminator and their properties were described in the paper by Galuk et al. (2018) for in the
vertical electric field component. Now, we observe that the ELF wave bouncing becomes even more
pronounced, as it arises in the form of anomalous longitudinal Hsy horizontal magnetic field component.

4. Source Bearing in the Time Domain

We worked in the frequency domain until now and considered the field spectra. This allowed for estimating
the expected distortions in the source bearing caused by the ionospheric day-night nonuniformity. In the
experiment, the source bearing is usually deduced from the time realizations of two mutually orthogonal
components of the magnetic field Hyr and Hsy. To model actual measurements, we apply the Fourier trans-
form toward the complex spectra of the fields Hye(f) and Hsn(f) and obtain their temporal conjugates Hyg(t)
and Hsy(t). First of all, we consider the simplest case of a monochromatic ELF radio wave.

Consider the vertical electric dipole source emitting a monochromatic radio wave at the frequency of 8 Hz.
After computing the spectral components of the fields, we perform the Fourier transforms and obtain the
time domain realizations corresponding to the particular positions of propagation path relative to the
nonuniformity. Figure 5 presents the computations time domain results for two moments of universal time
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f =8Hz

ty =4 and ty = 8 hr, when the propagation paths are found near the day-
night interface under the shadow and the illuminated side of
ionosphere, respectively.

The hodographs (or Lissajous figures) are shown in Figure 6 calculated for
the horizontal magnetic field vector. The horizontal axis depicts temporal
changes of the field component Hy(t) in arbitrary units, and the vertical

axis shows the Hsy(t) field component measured in the same units. The
time t acts as a parameter. Since the field amplitudes are departed by

almost two orders of magnitude, the scales of abscissa and the ordinate
also deviate by the factor of 10. One can observe in Figure 6 that a mono-
chromatic 8-Hz wave in the nonuniform Earth-ionosphere cavity acquires

-2

H (1), au. an elliptical polarization, and this is quite unexpected for a resonator

=30 =20 -10 0

10 20 30 formed by the ground and isotropic ionosphere plasma. The ellipticity

coefficient is rather small, and it depends on the time of day. This means

Figure 6. Hodographs of monochromatic horizontal magnetic field vectorat  that rotation direction of the horizontal magnetic field vector changes to

8-Hz frequency for ty =4 and ty = 8 hr.

the opposite one when the propagation path crosses the terminator line.

The right elliptic polarization is observed when t; = 4 hr, and the left
one is observed when t,; = 8 hr. The elliptical polarization appears owing to a small phase delay between
the reflected field Hsy(t) against the regular meridional Hyg(t) component. The delay is explained by some-
what greater length of the propagation path of the wave reflected from the terminator (observer-source
image) exceeding the 5-Mm observer-actual source distance. The small absolute value of reflection coeffi-
cient from the terminator turns out to be negative when t,; = 4 hr when the wave is incident at the nonuni-
formity from the night side, and it turns out to be positive when t;, = 8 hr when the wave is incident at the
nonuniformity from the dayside (cf. with Galuk et al., 2018). However, the ellipticity coefficient in all cases
is close to zero, and the field polarization only slightly deviates from the linear one.

Besides the small ellipticity, the tilt is equally insignificant of the major axis of the polarization ellipse to the OX
axis, which is about a few degrees: this is actually the deviation in the field source azimuth. The ellipticity coef-
ficient and the tilt angle are equal to zero in the uniform cavity, so that the tip of the horizontal magnetic field
vector moves in time along the straight line perpendicular to the source-receiver great circle arc. This line is
coincident with the OX axis in Figure 6. Obviously, the ellipticity coefficient and the tilt of polarization ellipse
depend on the signal frequency, but the observed source azimuth will deviate from its actual zero value by
about +3°as Figure 3 demonstrates.

The real signals arriving at the observer in the Earth-ionosphere cavity from the lightning discharges are of
the pulsed nature, and the most powerful of them is regarded as ELF transients or the Q-bursts. Pulses occupy
a significant frequency range, which is determined by the band-pass width of the Earth-ionosphere cavity
being about 100 Hz (Bliokh et al., 1980; Nickolaenko & Hayakawa, 2002, 2014). Simultaneously, deviations
in the source azimuth from its true zero value depends on the frequency, as we observe in the spectral data
presented in Figures 3 and 4.

It is not clear in advance what the resulting deviations will be in the bearing of the pulsed lightning source
deduced in the time domain. In order to obtain the corresponding data, we computed the complex spectral
field components in the frequency band up to 256 Hz for the same positions of propagation paths (t, =4 and
ty = 8 hr). Afterward, we found the pulsed waveforms of the three field components E(t), Hye(t), and Hsy(t) by
using the fast Fourier transform. The magnetic fields are shown in Figure 7 together with magnetic field
hodographs (Lissajous figures) of the model Q-bursts.

Figure 7 contains two panels; the left one presents the data computed for t, = 4 hr, and the right one corre-
sponds to ty = 8 hr. The main graphs in each panel show the waveforms of Q-bursts. Abscissa in these plots
shows the time in milliseconds passed from the beginning of the delta pulse radiated by the lightning stroke
(it was assumed in computations that amplitude of the source moment is independent of frequency).
Smooth curves correspond to the regular field components Hy(t). They correspond to the left ordinates
and are marked by the inscription direct wave, and the fields are measured in arbitrary units. Curves with
asterisks of the major graphs of Figure 7 show the temporal variations of the anomalous field component
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Figure 7. Waveforms and hodographs of extremely low frequency transients for the 5-mm source-observer distance. (a)
Position of propagation path corresponds to 4 hr UT; (b) the propagation path location corresponds to 8 hr UT.

the field Hgy(t), which is present only in the cavity with the day-night nonuniformity and arises due to wave
reflections from the terminator. These curves are plotted against the right ordinates and are labeled
“reflected wave.”

The Lissajous figures are shown in the upper right corner of each panel for the pulsed signals Hsp(t) and Hyyg(t)
computed for t;; = 4 and 8 hr. We use the customary geographic orientation of the axes: the field component
Hyeis plotted along the abscissa, and the field Hsy is shown along the ordinate. The time is the parameter. We
used different scales along the axes, as the field amplitudes strongly deviate from each other.

Figure 7 indicates that computed waveforms of the pulsed ELF transients in the regular field component the
field Hye(t) are similar to the data computed in the uniform Earth-ionosphere cavity (Nickolaenko &
Hayakawa, 2002, 2014). The pulse of direct wave arrives at the observer approximately 20 ms after the light-
ning stroke initiation in this magnetic field component being perpendicular to the source-observer great cir-
cle arc. Another pulse of opposite polarity arrives in this component from the source antipode approximately
125 ms after the moment of discharge. It should be noted that this standard form of a Q-burst for the 5-Mm
source distance is observed regardless the time of the day of the position of the propagation path relative to
the terminator line. Of course, there are deviations in the Hyyg(t) curves computed for t;, = 4 and 8 hr, but their
magnitude is very small, about 1%, which makes them practically insignificant.

The pulses in the Hyg(t) field component originating due to wave reflections from the day-night interface are
somewhat delayed behind the arrival time of direct wave. The time delay of the pulse reflected from the
terminator relevant to ty = 4 hr is smaller than the delay for t, = 8 hr. This difference is originated from the
structure of the smooth day-night transition having the shadow region at the ionospheric heights smaller
than the illuminated area (see Figure 1). As a result, the distance from the propagation path to the iono-
spheric day-night interface is greater when t; = 8 hr, and the path is found on the dayside of morning termi-
nator. The amplitude of reflected field is noticeably smaller when t;, = 8 hr than that t;, = 4 hr. It should also be
noted that the waveforms of the pulses became slightly elevated above the abscissa axis due to the particu-
larities of fast Fourier transform computations, which is unimportant for our analysis.

Hodographs of the broadband ELF transients are demonstrated in the insets in Figures 7a and 7b. They have
rather complex shape, which excludes detection of a stable deviation of the source bearing from its actual
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zero value in observations of the temporal shape of the pulses. It should also be taken into account that
amplitude of the reflected pulse in the component Hsy(t) is smaller than that of the “regular pulse” in the
Hwe(t) component by a factor of approximately 50. Since registrations of Q-bursts are performed in the pre-
sence of regular continuous background noise signal from the bulk of ordinary lightning strokes and the Q-
burst amplitude exceeds the root-mean-square background amplitude by a factor up to 10, the signals
reflected from the nonuniformity will be hidden in this continuous background noise. This will impede con-
fident detection of deviations in the source bearing caused by the day-night interface by using records of ELF
transients even when an ideal broadband receiver with a frequency response independent of frequency
is used.

5. Explicit Source Bearing

Direction toward the source is unambiguously determined only in simultaneous measurements of vertical
electric and two orthogonal horizontal magnetic field components. In this case, one can construct a vector
of power flux (Umov-Poynting vector). The relevant computations might be done either in the time or in
the frequency domain. We confine ourselves to the time domain where the vector components are com-
puted from the following vector product:

P(t)=E(t)xH(t), ©)
Pg = Pns = —E;(t)-Hy(t) = —E,(t)-Hwe(t), (10)
Py = Pwe = E (t)-Ho(t) = E/(t)-Hsn(t). (11)

Figure 8 shows the results of the Umov-Poynting vector computations in the time domain. The time in milli-
seconds from the beginning of the lightning stroke is plotted along the abscissa on both panels of the main
graphs. The left panel corresponds to the propagation path position when t, = 4 hr, and the right panel
corresponds to the position when ty, = 8 hr. The smooth lines relative to the left ordinates show in the main
graphs the temporal variations of the components of the vector of electromagnetic energy flux along the
meridian Pys(t). The lines with stars in Figure 8 are plotted against the right ordinates, and they show changes
of the Py g(t) component directed along the parallel. It might be seen that regardless of the path location rela-
tive to the nonuniformity, the major energy flux is directed along the meridian from north to south, that is,
from the source to observer. The double pulse is observed in this component characterized by a narrow
minimum. The waveforms of the major pulses are practically coincident in Figures 8a and 8b.

The anomalous component of the power flux Pyy.(t) is depicted by lines with asterisks, which is a bipolar pulse
at the head that is followed by more complex variations. This component is much smaller in amplitude than
the major power flux and significantly changes when the propagation path is moved relative to the day-
night interface.

Insets in the panels of Figure 8 are located in the upper right corner, where they illustrate the hodographs
(Lissajous figures) of the complete Umov-Poynting vector in the initial part of the pulse. The scale along
the abscissa in the insets is greatly decreased in comparison with the scale along the ordinates. This allows
us to show the details in the evolution of the power flux. One may observe that the power flux changes rather
fast; it reaches twice the well-defined maxima near t = 18.1 and t = 20.5 ms for t;, = 4 hr and t = 18.6 and
t =20.5 ms for ty, = 8 hr. The outlines of temporal changes of the Umov-Poynting vector as well as the times
of maximum values depend on the position of the path relative to the day-night interface. This is caused by
the difference in distances passed by the waves reflected from the terminator.

The first maximum in the Umov-Poynting vector hodograph refers to the direct impulse coming from the
source, and the second one is relevant to the reflections from the ionospheric nonuniformity. The figure
shows that the power flow deviates from the meridian plane in opposite directions. However, these devia-
tions are of minor practical interest, since deviations from the north-south line are rather small, and they con-
stitute fractions of a degree. In addition, they are separated by the time interval of ~1 ms, and this is a too
small value for a typical sampling frequency (200 Hz) in the data acquisition systems used in the
Schumann resonance studies. Such small and rapid changes in the flux of electromagnetic power hardly will
be detected in the usual Schumann resonance records.
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Figure 8. Waveforms and hodographs of the Umov-Poynting vector. (a) The propagation path location corresponds to 4 hr
UT; (b) the location of the path corresponds to 8 hr.

6. Influence of Receiver Frequency Response

Special receivers are used in real measurements of Schumann resonance, which form a “rectangular” fre-
quency response in the 4-40-Hz band combined with a rejection of signals at the frequency of power sup-
plies of 50 Hz. Impact of such a typical receiver on the shape of the received pulse was addressed by
Yatsevich et al. (2014). We consider the influence of a receiver assuming that its complex frequency response
remains the same in all three recording channels: E,, Hye, and Hsy. The receiver gain as the function of fre-
quency is shown in Figure 9.

Here the abscissa shows the signal frequency in hertz on the logarithmic scale. The gain (amplitude charac-
teristic) of the receiver is shown by a smooth line plotted along the left ordinate in decibel. The phase char-
acteristic of the receiver is measured in radians, and it is plotted by a dash-dotted line along the
right ordinate.

The band-pass width of ELF receiver is formed by the Butterworth high-pass filter of fourth order with the cut-
off frequency of 4 Hz and by the Butterworth low-pass filter of sixth order with the 40-Hz cutoff frequency.
The notch filter at 50 Hz provides the attenuation of the signals from the power supply network by
240 dB. Such a receiver allows us to significantly reduce the industrial noise and to decrease the interference
from the local weather conditions due to the optimal choice of cutoff frequencies (Nickolaenko & Hayakawa,
2002, 2014).

The most straightforward and expected modification of the pulse shape at the output of the Schumann reso-
nance receiver will be its widening, as the spectrum of the input pulse occupies the wider bandwidth than
that of the receiver. In addition, as was shown by Yatsevich et al. (2014), the influence of a typical receiver
leads to a delay of the output pulsed signal relative to the input pulse and to modification output pulse wave-
form. In particular, the ratio alters of amplitudes of the positive and the negative half waves at the pulse
onset, which might lead in some cases to incorrect attribution of the lightning stroke polarity when an actu-
ally positive discharge is classified as a negative one.

To obtain the pulsed waveforms at the output of the Schumann resonance receiver, we multiplied the model
spectra of E,(f), Hye(f), and Hsp(f) field components by the frequency dependent complex gains of the receiver
G(f) and afterward performed the Fourier transform of these products. The obtained temporal realizations are
depicted by plots of Figures 10 and 11.
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Figure 9. Amplitude and phase characteristics of an idealistic Schumann
resonance receiver.

Figure 10 demonstrates the pulsed waveforms and relevant hodographs
of two mutually orthogonal magnetic field components for propagation
paths corresponding to ty =4 and t;, = 8 hr.

The left panel (Figure 10a) demonstrates the results corresponding to
ty = 4 hr, and the right one is relevant to t;, = 8 hr. As before, the major
plots show the temporal variations of the horizontal magnetic fields.
Data are presented in the same way as in Figure 7: the regular field com-
ponent Hy is plotted on the left ordinate, and the Hsy field is shown of
the right ordinate.

The field hodographs or Lissajous figures of the corresponding pulses
are shown at the upper left corner of each panel. Obviously, the
pulses became substantially wider at the output of the receiver, and
their onset is shifted in time. The Lissajous figures also have changed
noticeably in comparison with Figure 7. Now, the outline of the curves
is significantly dependent on the location of propagation path relative
to the terminator line. Simultaneously, establishing the direction
toward the field source remains problematical as the field
hodograph indicates.

Schumann resonance signals at the output of the receiver might be
used from obtaining the temporal variations of the orthogonal
horizontal components of the Umov-Poynting vector, as well as the
hodographs of this vector. The corresponding results are collected in
Figure 11 in the same form as it was done in Figure 8. One may
see that the pulse of the power flow was appreciably expanded at
the output of the ELF receiver. It is worth noting that the major
Ppns(t) pulse, which is directed from the north to the south in the main

energy flow, consists of two distinct positive subpulses. One can also resolve a pair of pulses in the ori-
ginal power flux of Figure 8, but there the first short smaller pulse practically merges with the higher

second one.
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Figure 10. Magnetic fields and their hodographs at the output of a typical extremely low frequency receiver. (a) The pro-
pagation path location corresponds to t; = 4 hr; (b) corresponds to ty; = 8 hr.
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Figure 11. Waveforms and hodographs of the Umov-Poynting vector at the output of a typical extremely low frequency
receiver of 4-40-Hz bandwidth. (a) Position of propagation path corresponds to 4 hr UT; (b) location of the path corre-
sponds to 8 hr UT.

Outline of temporal variations in the power flux associated with the wave reflections from the day-night non-
uniformity also greatly changed at the output of the receiver with a finite bandwidth. Waveform significantly
depends on the position of propagation path relative to the terminator line, especially in the Pys component.
These peculiarities are able to significantly change the results of source bearing measurements.

Now, the Umov-Poynting vector deviates from the true north-south direction for t;, = 4 hr having the maxi-
mum deviation to the east observed on 38.1 ms after the lightning stroke initiation marked in the hodograph
plot by blue circle. The relevant deviation of the source bearing is —1° (from north to west). This is followed by
excursion of the Umov-Poynting vector tip to the west with the maximum on 47.4 ms. The relevant source
bearing reaches 2.3° directed toward the east. We remind that times of maximum excursions were 18.1
and 20.5 ms correspondingly in the absence of ELF receiver. When t, = 8 hr, the Umov-Poynting vector
almost does not deviate from the true north-south direction. The maximum departures are observed on
36.6 and 54.2 ms after the initiation of lightning discharge. The relevant angular errors in the source bearing
are 0.1° and 2.3°. These excursions were observed on 18.6 and 20.5 ms without ELF receiver. We observe that
a receiver noticeably alters the time and the outline of hodographs, but the angular deviations from the reg-
ular direction of the power flux (the meridian plane) remain rather small, ~2° utmost.

Thus, impact of the ionosphere day-night nonuniformity on the power flux of Q-bursts at the output of a typi-
cal receiver turns out to remain very small. The detection of the terminator impact on the source bearing with
deviations of 3° (~0.05 rad.) becomes possible when the ELF transient amplitude exceeds the root-mean-
square value of the continuous background signal formed by radiation of global thunderstorms by the factor
of 20 or higher. We must admit that model computations predict the impact of the day-night nonuniformity,
which does not exceed the natural fluctuations due to continuous background radiation from the planetary
thunderstorm activity. Thus, a detection of the terminator effect in the source bearing might be possible only
for exceptionally rare powerful lightning strokes.

7. Conclusions

Modeling performed and the data analysis allow us to formulate the following conclusions:

1. Deviations in the source bearing depend on the frequency, on the propagation path length, and its posi-
tion relative to the day-night interface. Impact of the terminator is absent when the center of propagation
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path is coincident with the center of the night or the day hemisphere. The effect of day-night nonunifor-
mity increases when the path comes closer to the solar terminator line. The source bearing deviations can
reach several degrees at some frequencies when the propagation path is located near the day-night inter-
face. Such deviations become comparable with the source azimuth fluctuations conditioned by perma-
nent continuous background noise in the Schumann resonance band originating from radiation of
planetary lightning activity.

2. The source bearing varies with frequency thus reflecting the influence of global electromagnetic
(Schumann) resonance.

3. Deviation of the source bearing arises due to reflections of radio waves from the day-night nonuniformity,
which produce a “longitudinal” component of horizontal magnetic field oriented along the observer-
source arc. Temporal variations of magnetic field components oriented along and across the propagation
path acquire complicated shape. In the case of a monochromatic radio signal, a weak elliptical polarization
is observed having the altering sign (the rotation direction of the total magnetic field vector) when the
propagation path moves from one side of the day-night interface to the other.

4. For the pulsed signals (ELF transients or Q-bursts), the waveforms in orthogonal field components
become rather complicated. The total magnetic field hodograph outlines intricate closed curves, and this
hampers finding of the wave arrival angle.

5. Impact of the day-night nonuniformity on the observed source bearing is rather small. In addition, the
waveforms depend substantially on the frequency response of ELF receiver. The results obtained at differ-
ent sides of the day-night interface deviate significantly from each other. However, the maximum instan-
taneous deviations in the source bearing do not exceed several degrees. To detect such small deviations
in the presence of continuous background radio noise from the global thunderstorms, one will have to
select the rare pulses of amplitude exceeding the root-mean-square amplitude of Schumann resonance
background by a factor of 20 or higher.

Data Statement

All the data used in our paper are listed in the references.
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