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Abstract. We present an overview, based on satel-
lite observations at low Earth orbits, on electromagnetic
radiation from ground power transmission lines at an
industrial frequency 50-60 Hz. Particular attention has
been given to Chibis-M and DEMETER satellite obser-
vations. The electric 40-cm antenna of the micro-
satellite often recorded 50-60 Hz radiation (known as
Power Line Emission (PLE)) when it flew over industri-
alized areas of the planet. The PLE spectral amplitude
varied from 1.2 to 18 (uV/m)/Hz"°, which corresponds
to the electric field amplitude E~1 pV/m. We report
results of numerical calculations of the electromagnetic
response of the atmosphere and ionosphere to a large-
scale surface emitter at a frequency of 50 Hz. According
to simulation results, PLE with an intensity of ~1 pV/m
observed on satellites in the nightside ionosphere at
midlatitudes can be excited by an unbalanced current 8—
10 A in a power transmission line above the earth's crust

with conductivity of 10 S/m. At middle and low lati-
tudes with an inclined geomagnetic field, the maximum
response in the upper ionosphere to the transmission
line radiation should be seen shifted equatorward, alt-
hough this shift is less than that upon guidance by the
geomagnetic field. The maximum amplitude of the elec-
tromagnetic response of the ionosphere to the power
transmission line emission decreases for an inclined
geomagnetic field, but insignificantly. To date, the PLE
intensity in near-Earth space has turned out to be higher
than the intensity of natural radiation in this range
(Schumann resonances and ion whistlers), and continues
to grow with the technological development of man-
kind.

Keywords: power line emission, ELF radiation, ge-
omagnetically induced currents, low-orbit satellites.

INTRODUCTION

Nowadays our planet is in the electromagnetic en-
vironment, at least in some frequency bands, which is
created by industrial activity rather than by natural
processes. More and more evidence is accumulating
for the anthropogenic impact on natural processes in
near-Earth space. This impact has been found not only
in special active experiments, but also as an accidental
by-product of the development of the technosphere.
The anthropogenic impact is manifested in the syn-
chronization of industrial activity with Hertz-band
electromagnetic emission intensity (Pcl pulsations) —
in an about 10 % increase in the Pc1-pulsation activity
on weekends (weekend effect) [Fraser-Smith, 1979]
and in the coincidence of hour marks with the begin-
ning of Pc1 pulsations [Zotov, Guglielmi, 2010]. These
effects might have been caused by the well-known
features of power consumption — its decrease on
weekends, jumps at the beginning of each hour, and
trigger effect on natural magnetospheric emissions.

The electromagnetic response of the ionosphere to
natural and anthropogenic electromagnetic disturbances
in the atmosphere (for example, lightnings) and on the
ground (for example, radio transmitters) has been thor-
oughly studied in the very-low-frequency (VLF) band
from hundreds of Hz to several kHz [Helliwell et al.,

1975; Koons et al., 1978]. Unlike VLF antennas, notice-
able radiation efficiency in the extremely-low-frequency
(ELF) band (of the order of the first tens to hundreds of
Hz) can be expected only for a very large emitter. Such
artificially created large-scale emitters do exist —
transmission networks with 50-60 Hz frequencies
stretched for many hundreds of kilometers. The Power
Line Emission (PLE) at 50-60 Hz is one of the most
common forms of electromagnetic radiation coming
from Earth, and a manifestation of anthropogenic activity
in near space.

A three-phase long-distance power transmission line
should be balanced (symmetric) such that voltages and
currents of each of the phases have the same amplitude,
and the shift in phase is 120°. If at least one of these
conditions is not met, the system becomes asymmetric,
or unbalanced. Any imbalance leads to a decrease in the
efficiency of power transmission lines and to power
losses due to electromagnetic radiation [Vakhnina et al.,
2018]. In most cases, a source of the imbalance is
asymmetry of load (high-speed railways, induction fur-
naces in metallurgy, computers, lighting systems) or
system damages. Considerable disruptions of operation
of power systems are caused by geomagnetically in-
duced currents (GICs) generated by rapid variations in
the geomagnetic field, i.e. large values of dB/dt. In par-
ticular, GIC may lead to an imbalance in the mode of
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operation of power transmission lines [Vakhnina et al.,
2018]. Unbalanced power transmission lines become a
source of emissions at 50-60 Hz and their harmonics,
which can propagate over long distances and even pene-
trate through the ionosphere. This phenomenon is quali-
tatively shown in Figure 1.

Although PLE events were detected in early satellite
experiments in low Earth orbits (LEOs), statistics on
satellite detection of them is still small. Until recently,
PLE events have been observed by the satellites I1SIS-1
and ISIS-2 (with a perigee/apogee 578-3526 km) [Park,
Helliwell, 1981; Rodger et al., 1995], and C/NOFS
(401-852 km) [Pfaff et al., 2014]. These emissions were
recorded by electric antennas 73, 18.7 (I1SIS-1, 2), and
20 m (C/NOFS) long.

xl

Figure 1. lllustration of PLE occurrence in the ionosphere

Due to strong non-linear elements (for example, thy-
ristors) in consumer systems or overloading of trans-
formers in industrial areas, 50-60 Hz harmonics are
generated in power transmission lines. Under certain
conditions, power transmission lines at high harmonics
of industrial frequency can work as a very efficient
traveling-wave radiating antenna [Kostrov et al., 2017].
Radiation of these harmonics in the VLF band at equi-
distant frequencies, spaced by 50-60 Hz, is recorded in
the ionosphere and magnetosphere as Power Line Har-
monic Radiation (PLHR). PLHR is a rather weak and
rare event. For example, during the DEMETER mission
[Némec et al., 2006, 2007, 2008; Parrot et al., 2014],
only 88 PLHR events were observed over a four-year
period. This review does not cover PLHR.

Here we focus our attention on the results of PLE
observations made by the Chibis-M microsatellite

[Dudkin et al., 2014, 2015; Korepanov et al., 2014,
2015] and by the DEMETER satellite [Némec et al.,
2015], and also delve into approaches to modeling
PLE propagation through the ionosphere to satellite
heights.

1. OBSERVATIONS OF POWER LINE
EMISSIONS AT 50-60 Hz BY THE
DEMETER AND CHIBIS-M
SATELLITES

PLE events in the upper ionosphere were regularly rec-
orded by the DEMETER satellite over China [Zhang, Ma,
2018]. The power spectral density of electric field oscilla-
tions at 50 Hz was as high as We~0.1 (wV/m)%/Hz, which

corresponds to an electric field E ~ W.Af ~0.6 pv/m

in the frequency band Af=4 Hz. An example of industrial
emissions recorded by DEMETER is given in Figure 2.

A large volume of PLE observation data was ob-
tained by the Chibis-M microsatellite in 2012-2014
[Zelenyi et al., 2014; Klimov et al., 2010]. The satellite
orbit with an inclination of 52° was at altitudes 350-500
km. In this band, emissions were recorded by an electric
antenna 0.42 m long.

During each pass over a power transmission line in
Brazil, an increase occurred in amplitude of an electric
signal in a band of 60 Hz to E;~0.6-1.0 uV/m and in
spectral amplitude to E;~0.7 (uV/m)/Hz"* [Dudkin et
al., 2015].

The most convincing case of PLE observation on
April 13, 2014 at local night time is shown in Figure 3.
Chibis-M passed over Japan, where it first crossed the
networks operating at a frequency of 60 Hz, and then
those working at a frequency of 50 Hz (top left) [Kore-
panov et al., 2015]. The sonogram (top right) shows the
occurrence of narrow-band emission at 60 and 50 Hz
respectively. The maximum signal at 60 Hz was ~0.36
puV/m; and at 50 Hz, ~0.32 pV/m (bottom right).

Although, in accordance with objectives of the ex-
periment, the equipment on board the Chibis-M satellite
was turned on only for short sessions over regions with
expected thunderstorms, good statistics on PLE events
has been collected. The sections of orbits in which PLE
was detected at 50/60 Hz are summarized in Figure 4.
The highest spectral amplitude up to 18 (uV/m)/Hz*®
was recorded over the state of Karnataka — the Indian
Silicon Valley. Moments of PLE detection mainly cor-
respond to the location of the main transmission lines.
The emissions were largely recorded in the nightside
ionosphere (dark blue). The sections of orbits, where the
PLE events were detected, often shifted to lower lati-
tudes relative to power transmission lines.

In the frequency range employed (the first tens of
Hz), the most intense natural emissions are ion whistlers
and Schumann resonances (SR). SR are eigenmodes of
the Earth-lower ionosphere resonator fed by thunder-
storm activity. The possibility of SR propagation into
the upper ionosphere was discovered by the C/NOFS satel-
lite [Simdes et al., 2011] and confirmed by the Chibis-M
satellite [Dudkin et al., 2014]. An example of simulta-
neous observation of industrial emission and SR on Au-
gust 08, 2013 under approximately the same ionospheric
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Figure 2. An example of industrial emissions recorded by the DEMETER satellite over China on November 17, 2010:
The top left panel shows the PLHR sonogram frequency [Hz] — time [UT]; the top right panel, its spectrum. In the bottom
left panel is the PLE sonogram frequency [Hz] — time [UT]; in the bottom right panel is a section of orbit, where 50 Hz
PLE (blue) and PLHR (red) were detected (from [Zhang, Ma, 2018])
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Figure 3. PLE observation by the Chibis-M microsatellite over Japan on April 13, 2014 (local night time) from [Korepanov
et al., 2015]: orbital projection and configuration of trunk power systems (top left panel); sonogram of recorded emissions (top
right panel); signal amplitude variations at 60 and 50 Hz (bottom right panel); spectrum of recorded emissions (bottom left panel)

107



V.A. Pilipenko, E.N. Fedorov, N.G. Mazur, S.1. Klimov

-180

-150 -120 -90 -60 -30

0 30 60 90 120

150 180

Figure 4. Sections of the Chibis-M orbits, where PLE was detected by an electric sensor at 50-60 Hz [Korepanov et al., 2015]. The
orbits in the nightside ionosphere are marked with blue; the illuminated part of the trajectory, with red and yellow.

conditions is given in Figure 5. The orbit of the Chibis-
M satellite passed over South America, where PLE was
detected, and over the Atlantic Ocean, where SR har-
monics were recorded. The sonogram in Figure 5 (bot-
tom) shows the presence of PLE at a frequency of 60 Hz
and SR harmonics (~8, 14, 22 Hz). The spectral density
of the amplitude of the first three SR harmonics are, on
average, ~0.25, ~0.14, and ~0.11 (uV/m)/Hz%°. By
comparison, the spectral amplitude of the 60 Hz emis-
sion in this event was ~1.2 (uV/m)/Hz*°. This example
suggests that in the ELF band the intensity of emissions
produced by industrial activity is higher than that of
such a powerful natural source as SR.

When analyzing the multi-year database of
DEMETER observations, it has been noticed that the
amount of radiating energy on a global scale constantly
increases with an increase in the world's electricity pro-
duction. A sharp increase in the number and intensity of
PLE/PLHR events in space occurred in 2009, when pro-
jects on the transition to high-voltage (HV) and ultra-
high-voltage (UHV) power lines began to develop rap-
idly [Wu et al., 2014]. The geographic maps of the dis-
tribution of the occurrence rate of PLE at 50 Hz (top)
and 60 Hz (bottom) recorded by the DEMETER satellite
(Figure 6) exhibit good agreement with the world map
of electric power consumption [Némec et al., 2015].
These observations demonstrate that over industrialized
regions the PLE intensity is well above the average level.

Detecting PLE at a great distance from a three-
phase power transmission line (and even in space) in-
dicates its unbalanced operation, to which GIC may
also contribute. According to long-term DEMETER
observations, the PLE intensity increases at high mag-
netic field variability, i.e. at high dB/dt values calcu-
lated from data acquired by the ground magnetometer
that was the closest to the projection of the spacecraft’s
orbit [Némec et al., 2015]. The PLE intensities at the

602013/08/08, 02:42:29-03:09:09 UTC

-60 -30 0
E =10" (uV/m)/Hz"*

Figure 5. An example of simultaneous Chibis-M obser-
vation of industrial emission at 60 Hz over South America
on August 08, 2013 and Schumann resonance (SR) harmon-
ics over the Atlantic Ocean (marked with rectangular regions
I and Il in the top panel) [Dudkin et al., 2015]. The sono-
gram (bottom panel) shows the presence of PLE at 60 Hz
and SR harmonics
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Figure 6. Geographic maps of the statistical distribution of
the occurrence rate of PLE at 50 Hz (top) and 60 Hz (bottom),
recorded by the DEMETER satellite [Némec et al., 2015]

fundamental frequency of the power system and at its
third harmonic over Europe and North America, ob-
served at high magnetic field variability, appear to be
systematically higher than those under quiet geomag-
netic conditions. The magnetic PLE component has
not been detected during satellite observations yet —
presumably such a signal is hidden by interference
and background noise.

2. THEORETICAL MODELING
OF FIELDS IN THE UPPER
ATMOSPHERE
AND THE IONOSPHERE CREATED
BY GROUND POWER
TRANSMISSION LINES

Theoretical models that make it possible to reliably
describe the generation and propagation of PLE in the
multilayer medium Earth — atmosphere — ionosphere
have not yet been developed. Considering the iono-
sphere as a plasma sheet with finite conductivity turns
out to be too rough. In a real situation, ELF-radiation
propagation conditions change sharply depending on
altitude. Moreover, PLE efficiency strongly depends
on conductivity of the underlying surface. In the at-
mosphere (z<70 km), the power transmission line field
is quasistatic in a medium with isotropic conductivity.
In the ionosphere (z>80 km), the conductivity of the
medium suddenly becomes anisotropic, the electro-
magnetic disturbance splits into two modes, and the
wavelength and the phase velocity decrease sharply.

Furthermore, in the ELF band conditions arise for cy-
clotron resonance of a wave with ionospheric ions. It
seems most correct to construct the vertical profile of
ionospheric parameters with the aid of the generally
accepted model IRl (International Reference lono-
sphere), which provides the ionic composition, densi-
ties of charged and neutral particles, used to calculate
collision frequencies and conductivity tensor compo-
nents depending on altitude. Such a model of medium
has been adopted in [Fedorov et al., 2016; Mazur et al.,
2018], where the electromagnetic response of the ULF
band to a lightning discharge in the lower atmosphere
was calculated numerically. In addition, unlike radio
transmitters or lightning discharges, power transmis-
sion lines up to several hundred kilometers long cannot
be modeled as an infinitely small dipole, its finite scale
needs to be taken into account. An approach to solving
this problem is presented in [Fedorov et al., 2020],
where a numerical model of the electromagnetic re-
sponse of the real ionosphere to a horizontal current
source in the surface layer of the atmosphere has been
built. This model, however, considers the geomagnetic
field as vertical so it can be used only for high lati-
tudes. The model made it possible to quantitatively
interpret the emissions detected by the DEMETER
satellite at a frequency of 82 Hz from the system
ZEVS on the Kola Peninsula [Pilipenko et al., 2019].

To analyze the effects described in the previous sec-
tion, it is necessary to devise a model with an inclined
geomagnetic field, which creates significant computa-
tional difficulties as the system ceases to be azimuthally
symmetric. Here we present preliminary results of the
new model. We consider the plane-layered vertically
inhomogeneous system Earth—atmosphere—
ionosphere whose parameters are reconstructed by the
IRl model. The electromagnetic field is excited by an
infinitely long east-westward power transmission line.
The assumption about the infinite length of a current
source seems reasonable as a first step because the
height of the lower edge of the ionosphere is ~80 km,
and the length of trunk power transmission lines may
exceed several hundred kilometers.

The impedance boundary condition holds on Earth's
surface; and the radiation condition is applied at infini-
ty. In the plane-layered model considered, we can use
the Fourier transform in horizontal coordinates. As a
result, the system of Maxwell equations (after eliminat-
ing longitudinal components of field disturbance) is
reduced to a system of four ordinary linear differential
equations for two coupled modes propagating vertically
in the inhomogeneous medium  atmosphere—
ionosphere. Coefficients of these equations and the free
term, determined by the source of a disturbance, depend
on the geomagnetic field inclination, the power trans-
mission line orientation, and ionospheric plasma permit-
tivity tensor components &(z). The numerical calcula-

tion scheme is based on the introduction of the admit-
tance matrix Y, connecting the horizontal components
of electric and magnetic disturbances: B, = YE_. The

advantage of this numerical method is that it avoids
instability of the computational process. The explicit
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form of the differential equations used in the calcula-
tions and a detailed description of the computational
procedure are given in [Fedorov et al., 2020].

Amplitudes of the electric and magnetic fields in the
ionosphere and atmosphere at different altitudes were
numerically calculated for different ionospheric condi-
tions and resistance of the earth's crust. The calculations
were carried out for an arbitrarily chosen mid-Ilatitude
point at a geographic latitude ®=44.4° N, with an incli-
nation 1=60.0°, for a frequency of 50 Hz. The simula-
tion results are presented for the current in a power
transmission line J;=1 A.

In the atmosphere, the excited electromagnetic field
is quasistatic, but in the ionosphere — a medium with
very high permittivity — the length and velocity of the
ELF wave decrease sharply. In the ionosphere (above
75-80 km), the excited electromagnetic field splits into
two modes. Mode (1) decays rapidly at a length of ~1
km, while mode (2) propagates almost without decay
over a scale of ~10° km. In the upper ionosphere, the
electromagnetic field from a ground power transmission
line depends on the density of the ionosphere and re-
sistance of the underlying layer of Earth's surface. An
increase in the conductivity of the earth's crust by two
orders of magnitude from 10 to 102 S/m leads to a
decrease in the amplitude of the excited electric field in
the upper ionosphere by about an order of magnitude.
Penetration through the ionosphere at night is more ef-
fective than during the day.

In a vertically inhomogeneous multicomponent
plasma there are several characteristic points affecting
propagation and attenuation of ELF waves:

¢ the height at which the cyclotron resonance with
ions of a given type takes place: ® =Q;(2);

o the reflecting point z=zy that separates the trans-
parent region, where the refractive index n*>0, from the
stop region (evanescent propagation), where n?<0;

e the region of crossover of two modes at a height
z=z*, where off-diagonal tensor elements Reg =0, and
tensor eigenvalues coincide g;=¢,. For the finite hori-
zontal wavenumber k;=0.01 km™, when approaching
the cross point z*=1040 km, the longitudinal wave-
numbers ks™ and k;® come close together, but a gap of
finite width remains between the branches.

Vertical profiles of the squared refractive index of

the two modes nfz are shown in Figure 7. Mode (1) has

a reflecting point at zz=980 km. Below zr, mode (1)
falls into the stop region, and only above this point it
becomes propagating. For mode (2), the entire iono-
sphere proves to be a transparent region. The vertical
profile of gyrofrequencies indicates that the cyclotron
resonance is possible with N* ions at an altitude of ~
250 km, and with He" ions at z~600 km. Since ion den-
sities at these altitudes are low, these regions do not
have a significant effect on wave propagation.

In a right-handed (RH) polarized wave, the magnetic
and electrical components E and B rotate clockwise
when viewed along the direction of wave propagation; and
in a left-handed (LH) polarized wave, counterclockwise.
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Figure 7. Vertical profiles of the squared refractive index
of two modes n’, and the element g of the dielectric permea-

bility tensor (50 Hz frequency). The reflection point of mode
(1) is labeled zg. To make the plot more compact, the depend-
ences Ren’(z) are shown by solid lines; and Imn?(z), by dashed
lines of the same color.

For quasi-longitudinal propagation, polarization of
both modes is almost circular, and the sense of wave
field rotation (sense of ellipticity) is determined by
the sense of the off-diagonal tensor element g be-
cause

(E,/Ey)sinl; miRe(g/|g]).

Mode (1) has RH polarization; mode (2) has LH po-
larization. At the cross point (z=z*~1040 km), where
Reg—0, polarization of both modes becomes linear,
while the electric field of mode (1) is directed along
the parallel; and that of mode (2), along the meridian.
The complex wave pattern of ELF wave propagation
in the ionosphere defies analytical consideration and
requires numerical simulation. To identify the influence
of the geomagnetic field inclination, we have calculated
the horizontal structure of the electric field disturbance
at an altitude of 600 km for different inclinations I, but
for the same ionospheric plasma model (Figure 8). At
this height, the maximum values of ~0.2 pV/m are seen
for the vertical field By (1=90°) and slowly decrease
with a decrease in | to ~0.15 pV/m at 1=60°. Since the
ELF disturbance in the ionosphere is not channeled by
the geomagnetic field as an Alfvén wave in the MHD
approximation, the maximum response in the iono-
sphere should slightly shift from the field line adjacent
to the source. This effect can be seen in Figure 8, which
shows that when propagating upward the maximum of
the disturbance deviates from the geomagnetic field
line. For example, at the altitude of the DEMETER sat-
ellite (z=660 km), the maximum amplitude of the elec-
trical component maxIE,l is displaced from the vertical
by Ax~250 km, whereas projecting the disturbance along
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Figure 8. Horizontal structure of the electric field disturb-
ance |Ey(x)| at an altitude of 600 km for different inclinations I,
but for the same ionospheric plasma model. The position of
the source on the ground corresponds to x=0. Open and shad-
ed triangles represent the displacement along the field line and
the actual position of the maximum signal intensity in the
ionosphere. The distance between them (horizontal dashed
lines) shows deviation of the signal from guided propagation
along the field line

an oblique magnetic field with 1=60° would give a

displacement Ax=zctgl~380 km.
The maximum electrical component maxIEl(z),

where E =,/E?+EZ, observed at different altitudes at

night, is displayed in Figure 9. Due to the refractive
index profile nonmonotonic variations in altitude, this
value varies between 0.07 and 0.17 pV/m.

3. COMPARING SIMULATION
RESULTS WITH SATELLITE
OBSERVATIONS ON LEO SPACECRAFT

When the Chibis-M microsatellite (500 km) passed
over high-voltage power transmission lines, an increase
in the electric signal amplitude averaged E~0.6-1.0
uV/m; and in the spectral amplitude density, E;~0.7
(uV/m)/Hz*° [Dudkin et al., 2014, 2015; Korepanov et
al., 2014].

Over 6.5 years of operation, the DEMETER satellite
(660 km) has detected many PLE events at the funda-
mental frequency of 50 Hz of the local power system
over China [Zhang, Ma, 2018]. The spectral power den-
sity of electric field fluctuations was as high as Wg~0.1
(uV/m)*Hz, which corresponds to the electric field with
an amplitude E~0.6 uV/m in a 4 Hz band. In an exten-
sive study based on DEMETER data, PLE power spec-
tral densities over Europe and the United States range
between We~0.5-2.0 (uV/m)*/Hz [Némec et al., 2008].
The average PLE spectral amplitude recorded by the
electric antenna of the low-latitude satellite C/NOFS
(400-850 km) varied around E;~0.25-0.5 (uV/m)/Hz"®
[Pfaff et al., 2014]. The electric field amplitude E~0.5—
1.0 uV/m, which roughly corresponds to the amplitudes
observed by the Chibis-M and DEMETER satellites.

According to the simulation results, PLE with an
intensity of ~1 uV/m observed at midlatitudes can be
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Figure 9. Maximum value of the electrical component of
radiation max | E | (X, z) at various altitudes at night
X

excited by an unbalanced current in a power transmis-
sion line Jo~ 8+10 A over the earth's crust with a con-
ductivity of 10~ S/m. The estimated value of the unbal-
anced current is small compared to the typical currents
transmitted in power lines (of the order of hundreds to
thousands of A).

It has been noted that the PLE intensity is usually
higher at night than during the day [Némec et al., 2015].
The numerical simulation carried out in [Fedorov et al.,
2020] for vertical By has shown that this asymmetry in
day and night is caused by a large attenuation of waves
during propagation in the dayside ionosphere. Obvious-
ly, this asymmetry will also remain for oblique B,.

At middle and low latitudes with an inclined geo-
magnetic field, the maximum response in the upper ion-
osphere to the power transmission line radiation should
be seen shifted equatorward. This shift is less than that
caused by the guiding of electromagnetic disturbances
by the background magnetic field. For example, for the
50 Hz radiation, the shift of the radiation maximum
should be ~250 km at the altitude of the DEMETER
orbit (660 km). This shift of PLE to lower latitudes rela-
tive to a power transmission line was in fact observed
by the Chibis-M satellite (see Figure 4).

The model presented takes into account the ionospheric
structure in the most realistic way, but it needs further
elaboration. In particular, it would be desirable to consider
the finite length of a transmission line. This will most like-
ly somewhat lower the estimate of the ionospheric re-
sponse to the power transmission line operation.

CONCLUSION: POTENTIAL
OF FURTHER RESEARCH

Industrial electromagnetic activity in the ELF band
(50-60 Hz and harmonics) can be monitored using
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LEO microsatellites [Rothkaeh, Parrot, 2005]. The
PLE intensity in NES gradually increases with time, it
has increased significantly after the introduction of
high-voltage transmission lines into power industry
[Wu et al., 2019]. Simulation shows that unbalanced
currents with an intensity of ~10 A in power transmis-
sion lines excite PLE events with an amplitude of ~1
wV/m, which is sufficient to detect by electric sensors
on board LEO satellites in the nightside upper iono-
sphere. Electromagnetic pollution of near-Earth space
by ground power transmission lines will constantly
increase with the industrial development of society.

We are grateful to Korepanov V.A. for many years
of cooperation on the problems addressed in this work.

The work was performed under State assignments
of IPE and IKI.
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