Chapter 3
Atmosphere-Ionosphere Electrodynamic
Coupling

V.M. Sorokin and V.M. Chmyrev

Abstract Numerous phenomena that occur in the mesosphere, ionosphere, and the
magnetosphere of the Earth are caused by the sources located in the lower atmo-
sphere and on the ground. We describe the effects produced by lightning activity
and by ground-based transmitters operated in high frequency (HF) and very low
frequency (VLF) ranges. Among these phenomena are the ionosphere heating and
the formation of plasma density inhomogeneities, the excitation of gamma ray
bursts and atmospheric emissions in different spectral bands, the generation of
ULF/ELF/VLF electromagnetic waves and plasma turbulence in the ionosphere,
the stimulation of radiation belt electron precipitations and the acceleration of ions
in the upper ionosphere. The most interesting results of experimental and theoreti-
cal studies of these phenomena are discussed below. The ionosphere is subject to
the action of the conductive electric current flowing in the atmosphere—ionosphere
circuit. We present a physical model of DC electric field and current formation
in this circuit. The key element of this model is an external current, which is formed
with the occurrence of convective upward transport of charged aerosols and
their gravitational sedimentation in the atmosphere. An increase in the level of
atmospheric radioactivity results in the appearance of additional ionization and
change of electrical conductivity. Variation of conductivity and external current in
the lower atmosphere leads to perturbation of the electric current flowing in the
global atmosphere—ionosphere circuit and to the associated DC electric field per-
turbation both on the Earth’s surface and in the ionosphere. Description of these
processes and some results of the electric field and current calculations are pre-
sented below. The seismic-induced electric field perturbations produce noticeable
effects in the ionosphere by generating the electromagnetic field and plasma dis-
turbances. We describe the generation mechanisms of such experimentally
observed effects as excitation of plasma density inhomogeneities, field-aligned
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currents, and ULF/ELF emissions and the modification of electron and ion altitude
profiles in the upper ionosphere. The electrodynamic model of the ionosphere
modification under the influence of some natural and man-made processes in the
atmosphere is also discussed. The model is based on the satellite and ground
measurements of electromagnetic field and plasma perturbations and on the data
on atmospheric radioactivity and soil gas injection into the atmosphere.

Keywords Electromagnetic field - Plasma disturbances - Upper ionosphere -
Atmosphere

3.1 Introduction

This chapter presents a review of the most interesting results of experimental and
theoretical studies of the electromagnetic field and plasma disturbances in the
ionosphere, which are initiated by different natural sources in the atmosphere and
on the ground, and of the technogenic disturbances connected with human activity.
A chain of interconnected processes in the lithosphere—atmosphere—ionosphere
interaction system causes the ionosphere to react on such phenomena as earth-
quakes, volcano eruptions, typhoons, lightning discharges, high power explosions,
functioning of powerful sources of electromagnetic radiation, etc. Due to such
coupling, the ionosphere appears to be a sensitive indicator of the many processes
occurring on the ground and in the near-Earth atmosphere. Apparently, this factor
defines growing interest to investigation of the atmosphere—ionosphere interaction.
A fundamental role in the energy transfer from the atmosphere to the ionosphere
belongs to thunderstorms. Large quasi-electrostatic fields in the mesosphere and the
lower ionosphere connected with cloud-to-ground lightning discharges and intense
electromagnetic pulses of ~20 GW peak power generated by lightning current
cause significant ionospheric disturbances because of the heating and acceleration
of electrons, production of ionization, optical emissions, gamma ray bursts, etc.
Other powerful mechanism of lightning influence on the ionosphere is connected
with additional ionization and formation of ionospheric inhomogeneities that are
caused by the radiation belt electron precipitation due to the pitch-angle scattering
of trapped particles in the magnetosphere by whistler mode waves from lightning.
Technogenic effects in the ionosphere also became a subject of intense experi-
mental and theoretical studies. Significant attention is devoted to controlled influ-
ence on the ionosphere aimed at generating the desired ionospheric response
dependent on the parameters of influence. In this connection, one can mention the
generation of ultra low frequency (ULF)/extra low frequency (ELF) waves in a
process of ionosphere heating by the radiation of powerful high frequency (HF)
transmitters [1—4], the formation of artificial very low frequency (VLF) ducts and
other types of inhomogeneities [5—7], the acceleration of ions and the excitation of
atmospheric emissions in different spectral bands [8—11], etc. One can note the
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transition into an active phase of the investigation of VLF wave impact on the high-
energy particle distributions in the Earth’s radiation belt including the experiments
that use powerful VLF transmitter onboard spacecraft [12,13].

Since physical mechanisms for transfer of perturbations into the ionosphere from
the abovementioned natural and artificial sources in many cases are similar, we
thought it reasonable to discuss both types of influence (natural and man-made) in a
frame of one paper. Such phenomena as the effects of ballistic rocket launches and
of explosions of different kinds on the ionosphere stand by itself. These effects are
of a different physical nature, and, therefore, their consideration lies beyond the
scope of this chapter.

Among the numerous natural sources influencing the ionosphere, the most
important role is thought to be played by earthquakes. An importance is defined
by the potential of using the ionosphere as a sensitive indicator of earthquake
preparation processes and possible tool for the short-term earthquake forecasting
in future. Such potentiality is based on numerous ground and satellite observations
of seismic-related phenomena occurring in the atmosphere and the ionosphere of
the Earth several days or weeks before earthquake. Some results of these observa-
tions are reviewed in refs. [14—17]. Though the number of publications devoted to
seismic effects on the ionosphere is huge, there is no more or less complicated
understanding of cause—effect relations between the phenomena involved in the
ionosphere responding to the seismic processes. Because of the insufficient experi-
mental base and a lack of reliable statistical data on the ionospheric precursors to
earthquakes, currently, there is no tangible ground to use ionospheric phenomena
for sure earthquake forecasting. Nevertheless, a noticeable progress comes to pass
in accumulating and analyzing the data from satellite and ground-based observa-
tions and in theoretical modeling of interconnected processes in the lithosphere—
atmosphere—ionosphere system. Significant contribution is done from the Demeter
satellite research program (see, e.g. [18-20]). A comprehensive model of the lower
atmosphere and the ionosphere coupling was developed in ref. [21].

We can suppose that the earthquake effects in the ionosphere arise as a result of
simultaneous actions of various factors, such as acoustic waves, electric fields,
electromagnetic radiation, chemically active substances, etc. Since seismic activity
is accompanied by the enhanced injection of soil aerosols into the atmosphere, an
important role in the formation of these factors is played by aerosol fluxes, which
influence the electric conductivity and generate external electric currents in the
lower atmosphere [22]. Experimental evidences of earthquake-related enhancement
in the injection of soil aerosols into the atmosphere, the increase in concentration of
some gases (e.g., H,, CO,, and CH,) by several orders of magnitude in seismically
active zone, and the increase in atmospheric radioactivity associated with such
radioactive elements as radon, radium, uranium, thorium, and actinium and their
decay products on the eve of earthquake are presented in refs. [23—28]. Effects of
strong atmospheric processes associated with typhoons on the electric field and
plasma density fluctuations in the ionosphere were reported in refs. [29, 30].

Satellite measurements carried out during last 2 decades (see, e.g., [18, 20, 31, 32]
confirmed the existence of low frequency emissions associated with earthquakes,
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which was first reported by [33]. Comparison of the ground-based observations and
the satellite measurements of ELF waves performed during different seismic events
showed the similarity of the observed emissions; the only difference was in the wave
intensity in the ionosphere and on the ground [34]. The negative experimental
findings in [35] were connected with the use of incorrect method for data reduction:
short events (< 5 s), such as single or a small number of spherics or whistlers were
not classified as disturbances and were hence not considered. At the same time, the
ELF precursors to earthquakes could be associated with thunderstorm electromag-
netic pulses propagated in the Earth—ionosphere waveguide and scattered into the
ionosphere by plasma inhomogeneities formed in the lower ionosphere over the
seismic zone before an earthquake [36]. The duration of such pulses is much less
than 2 s, and the maximum power is concentrated at frequencies below ~500 Hz.

DC electric field perturbations can play a key role in a coupling between the
lower atmosphere and the ionosphere [21]. Ground-based and satellite observations
confirm an enhancement of the electric field both in the ionosphere and on the
ground in a seismic zone before earthquakes [37-—42].

Small-scale plasma irregularities and large-scale disturbances of electron and
ion density profiles in the upper ionosphere over seismically active region were
observed before earthquakes [28, 32, 43-46].

The formation of thermal anomalies in seismic zones several days before large
magnitude earthquakes presents another pronounced effect that is well observable
from satellites with the use of IR sensors [47-50]. In addition, we can mention the
observations of anomalous airglow at 557.7 and 630 nm correlated with the growth
of seismic activity [51].

Numerous theoretical models were suggested for explanation of separate phe-
nomena stimulated in the atmosphere and the ionosphere by seismic activity.
Reference [52] considered the generation and propagation of internal gravity
waves and their effects on the ionosphere. The generation of ULF emissions by
lithospheric sources and their possible penetration into the ionosphere was analyzed
in refs. [53-55]. The formation of electric currents in the lithosphere and the
propagation of the excited waves from the source region into the ionosphere were
considered in refs. [56,57]. Possible acoustic effects on the ionosphere and the
generation of geomagnetic pulsations were investigated in refs. [38, 58, 59] consid-
ered the conductivity and the electric field variations in the lower atmosphere that
can be caused by increase in radon concentration connected with the growth of
seismic activity. The enhanced injection of radon and metallic aerosols in the
epicenter region and its influence on the ionosphere were discussed in ref. [28].
The mechanisms for the electric field penetration from the source region in the
lithosphere into the ionosphere and related effects on the ionosphere were analyzed
in refs. [60,61].

Electrodynamic model of the ionosphere response to seismic-related lower
atmosphere disturbances is developed in ref. [22]. This model describes the com-
plete chain of processes in the lithosphere—ionosphere coupled system, which starts
from the injection of radioactive substances and charged aerosols into the atmo-
sphere and the formation of external electric current. This current is responsible for
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the enhancement of DC electric field and the subsequent development of acoustic-
gravity wave (AGW) instability in the ionosphere. It results in the generation of
conductivity inhomogeneities in the lower ionosphere, the formation of magnetic
field-aligned currents and plasma density disturbances in the upper ionosphere
stretched along geomagnetic field lines. Besides, the electric field increase leads
to an additional Joule heating of the lower ionosphere, which results in an elevation
of F-layer maximum, a decrease of electron density in the maximum of this layer,
and a growth of light ion density in the upper ionosphere. Thus, this model connects
disturbances of the electric field and the key ionosphere parameters with increase of
atmospheric radioactivity and injection of charged aerosols into the ionosphere.
Detailed consideration of all these processes is presented below.

3.2 Effects of Lightning and Powerful Ground-Based
Transmitters on the Near-Earth Space

3.2.1 Lightning Effects on the Ionosphere and the Magnetosphere

Thunderstorms play a fundamental role in the energy transfer from the atmosphere
to the ionosphere. At any given time, more than 2,000 thunderstorms are active over
the globe, and on average, lightning strikes the Earth about 100 times per second
[62]. Every cloud-to-ground lightning discharge transfers to the ground a charge of
the order of ~300 C during several milliseconds, leading to the formation of large
quasi-electrostatic fields in the mesosphere and the lower ionosphere over millisec-
ond time scales [63]. These fields together with intense electromagnetic pulses of
~20 GW peak power generated by lightning current [64] cause significant distur-
bances in the lower ionosphere due to heating of the ambient electrons and
acceleration of runaway electrons, producing ionization and optical emissions
[63, 65-67].

Plasma inhomogeneities caused by high-energy electron precipitation from the
Earth’s radiation belt in a process of pitch-angle scattering of trapped particles by
intense whistler mode waves from lightning discharges present other class of
lightning-induced disturbances in the ionosphere. Troposphere—-magnetosphere
coupling of such kind has been many times confirmed in ground-based observations
[68-70], balloon measurements [71], rocket experiments [72, 73], and satellite
observations [74-76]. Theoretically, the mechanism of pitch-angle scattering and
particle precipitation from the radiation belt by ducted whistlers in the magneto-
sphere is also well investigated (see, e.g. [77, 78] and references therein).

Experimental indication of strong electrodynamic coupling of thunderstorms
to the mesosphere and the lower ionosphere includes such phenomena as fast
lightning-induced perturbations of subionospheric VLF transmitter signals propa-
gating over the thunderstorm areas [79-84], optical emissions associated with
sprites [85-91] and blue jets [92], and airglow enhancements [93] connected with
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short-term (<1 ms) “elves” emissions excited at 80-95 km altitudes before
sprites [65, 88, 94]. Sprites clearly associated with intense lightning discharges
[95] are correlated with fast perturbations of subionospherically propagating VLF
signals [82], providing an evidence of interconnection of these phenomena. An
important manifestation of strong upward energy pumping from thunderstorms
was obtained from the observations of gamma-ray flashes of atmospheric origin
[96] associated with lightning discharges [97] and of intense bursts of broadband
VHF emissions [98].

The existing generation models of the abovementioned phenomena are based
on heating of the ambient electrons by electromagnetic pulses from lightning
discharges [65, 99-102] or by quasielectrostatic thundercloud electric fields
[103-106], and on runaway electron acceleration processes [107—109].

First registration of optical emissions stimulated by lightning has been reported
by Franz et al. in ref. [110]. Later, numerous observations of similar flashes of
luminescence called sprites [111] have been performed from the ground [86, 90,
91], the aircraft [92, 111-113], and space-based platforms [89,114]. The main
characteristics of sprites obtained from these measurements could be summarized
as follows. This phenomenon is usually observed at 50-90 km altitudes over positive
cloud-to-ground lightning discharge with peak current of the order of 100 kA or
above. Transverse size of luminescence area is 5-50 km; sometimes containing
structural elements with a cross section of ~2 km. Sprite arises 1.5-4 ms after
lightning discharge and lasts for several milliseconds. The brightness of sprites was
estimated to be 25-50 kR, for most intense events it was up to 100 kR. Maximum of
intensity ranges between spectral bands 650-680 nm and 750-780 nm.

Blue jets present other type of luminescence occurring at altitudes below 50 km
over thunderstorm clouds. They are observed as narrowly collimated light beams of
blue color propagating upward from thunderclouds with velocity ~100 km/s up to
40-50 km altitudes, where they disappear. Blue jets in contrast to sprites are not
accompanied by strong electromagnetic radiation in VLF range. Observations did
not display direct connection with simultaneous cloud-to-ground lightning dis-
charges [115]. Blue jet generation theory based on accumulating charges in thun-
dercloud and subsequent breakdown ionization and upward propagation of
ionization wave has been developed by Pasko et al. in ref. [105].

Electron heating in the lower ionosphere by the thundercloud’s electric field can
lead to enhancement of infrared radiation, particularly to intensification of CO,
emission at 4.3 um wave length [116]. Different electromagnetic emissions asso-
ciated with thunderstorm activity have been observed onboard the Demeter satellite
[117]. The effects of ion heating and generation of plasma turbulence in the
ionosphere under the influence of lightning discharges were reported by Berthelier
et al. in ref. [118] based on the Demeter data.

As mentioned above, one of important mechanisms of the troposphere—
ionosphere—-magnetosphere coupling is lightning-induced precipitation of high
energy (>40 keV) electrons from the Earth’s radiation belt into the ionosphere
[76, 119, 120]. Comprehensive data of satellite observations of this phenomenon
were reported by Voss et al. [76], who used the low orbital (170-280 km) S81-1
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polar satellite measurements of electron and ion fluxes with energies 2—1,000 keV
and 10-1,500 keV, respectively. These observations were accompanied by the
ground wave measurements at Palmer station in Antarctica. Analysis of numerous
precipitation events associated with lightning has shown that the time delay
between causative spheric and appearance of first burst of precipitating particles
registered on satellite increased with L-shell according to prediction of theory [78].
The global distribution of intense precipitations of such kind correlated with
thunderstorm activity distribution and displayed maximum in the depletion zone
of the electron radiation belt at 2 < L < 3. The density of electron energy flux in
lightning-induced precipitations was about ~10° erg-cm %5~ ' (10~* J/(m? s)) and
particles with an energy of 100-200 keV prevailed. The most recent experimental
data on electron precipitations stimulated by lightning were obtained from the
Demeter satellite [121]. Bursts of 100-300 keV electrons registered within 1s
after an arrival of causative VLF pulses from lightning were observed.

3.2.2 Effects of the lonosphere Heating by Powerful
HF Transmitters

The first successful observations of the lower ionosphere heating by electromag-
netic radiation from a powerful ground-based HF (3-30 MHz) transmitter were
carried out in ref. [122]. They used the experimental HF transmitter in Platteville,
Colorado, 50 MW effective isotropic-radiated power, as a heater and subiono-
spheric VLF (20 kHz) and LF (60 kHz) probe signals for detecting lower iono-
sphere heating by measurements of amplitude and phase perturbations in these
signals. Transmissions were made at 5.1 and 7.4 MHz to heat the midday D-region
and the diameter of the heated region at the reflection height of probe waves
(~70 km) was ~25 km. The heating effect in this region was obtained from the
amplitude perturbation ~0.53% (0.046 dB) at 60 kHz and phase perturbation ~0.3°
at a frequency of 20 kHz.

Later, subionospheric VLF probe waves were used to probe D-region heating in
the experiments by Barr et al. in refs. [123, 124] with steerable heater in Tromso
(Norway) operated at the frequency of 2.759 MHz; the maximum effective radiated
power was 200 MW. VLF probe waves were from the 12.1 kHz Omega navigation
transmitter in Aldra, Norway, and the 16.4 kHz JXN transmitter nearby Helgeland.
The heated spot was located near the end of <500 km great circle paths from the
transmitters and had a form of a 27 by 34 km ellipse at 80 km height since the
heating wave beam was focused on the Omega probe wave path (38° from vertical).
Amplitude and phase perturbations of sub-ionospheric signals were correspond-
ingly ~0.05 dB and 0.3° during the daytime heating and up to 6 dB and 50° at night.

The heating experiment with the use of 2.8 MHz HIPAS transmitter near
Fairbanks, Alaska, and 23.4 kHz probe waves from NPM transmitter in Oahu
received at Fort Yukon, Alaska has demonstrated the perturbations in NPM
amplitudes of —0.2 to + 0.4 dB simultaneous with heater modulation patterns [125].
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Beginning practically from earlier experiments, the lower ionosphere heating by
intense modulated HF radiation in the presence of natural ionospheric electric
currents (auroral electrojet and middle latitude dynamo currents) was investigated
as a possible tool for the generation of electromagnetic ULF/ELF/VLF waves [1, 4,
126-131]. The generation mechanism is relatively simple. Periodic heating of the
ionosphere in the current region modulates the electrical conductivity in this region
and consequently causes the modulation of natural electric current. This process
forms giant radiating antenna at the altitudes of 60—100 km. The generation of ULF/
ELF/VLF waves by such antennas is extensively studied with the use of special
high-frequency (HF) heating facilities in Tromso (Norway), Arecibo (Puerto Rico),
HIPAS (High-Power Auroral Stimulation), and HAARP (High-frequency Active
Auroral Research Program) (Alaska) and SURA (Russia). The most interesting
results of these studies are presented below.

HF heater in Tromso operated at the frequencies from 2.7 to 8.0 MHz. A
successful generation of ELF/VLF waves was carried out with the use of amplitude
modulation by rectangular pulses in the frequency range 0.2-6.5 kHz. Maximum
amplitudes of generated waves ~1, 0.1, and 0.03 pT were registered at the distances
of 20, 200, and 500 km from the HF transmitter correspondingly [124, 126].
Successful excitation of the Earth—ionosphere waveguide and reception of artifi-
cially generated ELF/VLF signals with amplitude ~10 fT at the distance
~2,000 km has been demonstrated in several transmissions [129].

Amplitude measurements at large distances were used to estimate the power of
ELF/VLF radiation from the ionosphere. Far-zone ground-based measurements
have shown the amplitudes corresponding to ~1 W dipole radiation source at the
altitude of maximum modulation of Hall conductivity in the ionosphere [124].
However, the satellite measurements [2] over the same heating facility have
given an estimate of ~30 W for the ionospheric ELF/VLF oscillator. Different
source characteristics related to simultaneous ground and satellite measurements
have been also obtained in ref. [132].

Several successful experiments on ELF/VLF wave generation were carried out
in Arecibo (Puerto Rico) where a powerful HF transmitter has modulated a current
of the equatorial electrojet. In these experiments, the heater frequency and the
radiated power were 3 MHz and ~800 kW, respectively, and the modulation
frequencies were in the range from 500 to 5,000 Hz [133]. The efficiency of
ionospheric ELF/VLF wave generator depending on the polarization of HF heater
radiation and its daily work cycle was investigated by Ferrano in ref. [127].

High-frequency heating facility HIPAS located near Fairbanks (Alaska) was
successfully used for the modulation of auroral electrojet in the experiment [134],
in which the generation of ULF/ELF waves (11-76 Hz) with amplitudes ~1 pT at the
phase modulation of a heater radiation has been observed. Villasenor et al. [135] have
investigated the dependence of ELF/VLF wave generation efficiency on the modu-
lation schemes of HF transmitter including the amplitude rectangular pulse modula-
tion, phase and two frequency modulations. It was shown that the amplitude pulse
modulation is most effective. ELF/VLF waves generated with the use of HIPAS
heating facility have been observed in space plasma in ref. [136]. In this paper, in
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contrast to similar measurements over the Tromso station [132], good correspon-
dence between the satellite and ground-based measurements was demonstrated.

Experiments on generation of ELF/VLF waves with HAARP heating facility
were carried out with use of different frequencies and polarizations of HF radiation
[137]. It was shown that the possibility existed to control the polarization of
artificially generated ELF waves by changing the frequency and the polarization
of the heater radiation [137]. Within the framework of this Program the
Stanford University has carried out a series of successful experiments on the
injection of artificially excited ELF/VLF waves into the upper ionosphere and
the Earth—ionosphere waveguide. Platino et al. [138] have reported the Demeter
satellite observations of ELF/VLF emissions generated by HAARP heater in the
ionosphere. For three of four modulation frequencies the satellite and the ground-
based measurements have shown the same results corresponding to radiated power
of ionospheric source ~3-4 W. Multi-hop magnetospheric echo of ELF/VLF
signals induced by the HF transmitter have been observed by Inan et al. [3]. These
echoes displayed dispersion and amplification in equatorial region of the magneto-
sphere leading to generation of trigger emissions. ELF/VLF waves excited by the
HAAREP heating facility were also injected into the Earth—ionosphere waveguide.
Moore et al. [4] have demonstrated unique results of observations of HAARP-
induced ELF emissions at the distance ~4,400 km from the heater. Characteristics
of these emissions conformed to 4-32 W power of ionospheric oscillator at the
altitude 75-80 km [4]. Long-term program of the experiments with HAARP HF
transmitter performed by Stanford University have shown that heating of the lower
ionosphere by powerful amplitude modulated HF radiation could be an effective
tool for generation of ELF and VLF waves with given properties practically at any
geomagnetic conditions [139].

The formation of VLF ducts (magnetic field-aligned channels of enhanced
ionization) in the upper ionosphere recently detected by the Demeter satellite
presents other important effect of the ionosphere HF heating. Characteristics of
these ducts and other types of plasma disturbances and wave emissions observed
over the heating facilities were presented in [6, 7, 140, 141]. Typical size of ducts
across geomagnetic field was ~40 km at the satellite altitude and the plasma density
excess within a duct over background level was 20-30%. Temperature and plasma
density fluctuations in the ionosphere over the heating area were about 10-15%.

3.2.3 Influence of Powerful VLF Transmitters on the
Ionosphere and the Magnetosphere

3.2.3.1 Artificially Stimulated Particle Precipitation into the Ionosphere

First experimental confirmation of artificial stimulation of radiation belt electron
precipitation was obtained in 1975 by Zhulin et al. [142] with use of powerful
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ground-based VLF transmitter located in Arkhangelsk region (Russia). Diagnostics
of electron precipitation was performed by special optical devices installed onboard
the aircraft-laboratory Yak-40. This experiment has shown significant enhancement
in intensity of atmospheric emission at 557.7 nm correlated with periodic VLF
transmitter pulses. Pulsations of the emission intensity were up to 40 R. An estimate
of precipitating electron energy flux with account of the experiment’s geometry
has given ~0.13 erg/cm>s (1.3 x 10~* J/m?s) that corresponded to flux of electrons
with energy ~15 keV approximately 5 x 10* particles/cm®-s and was a factor of 10
above the background level.

Direct measurements of artificially stimulated electron precipitations from the
radiation belt were carried out onboard the S81-1 satellite with use of USA VLF
transmitters NAA and NSS [143-145] and independently by the Aureol-3 satellite
[146, 147]. Bursts of precipitating electrons were observed by S81-1 satellite 1-2 s
after commencement of the transmitter pulses [143, 144]. Similar delay followed
from the theoretical estimates [145]. The most recent results on the electron
precipitations stimulated by ground VLF transmitter were reported by Sauvaud
et al. [148] and Gamble et al. [13], based on the Demeter satellite data.

3.2.3.2 Effects of the Ionosphere Heating by Powerful VLF Transmitters

Experiments on artificial stimulation of radiation belt electron precipitation led to
discovery of the effect of lower ionosphere heating by the radiation from ground-
based VLF transmitters with use of probe VLF signals [149]. First experiments were
performed with NAU transmitter in Puerto Rico. About ~100 kW power at 28.5 kHz
were radiated by pulses of 3 s duration and 5 s repetition period. Search for lower
ionosphere perturbations was carried out using probe signals from several US VLF
transmitters at the receiving stations in Arecibo (Puerto Rico) and Palmer (the
Antarctic). Data analysis revealed the 5 s periodicity in a spectrum of amplitude
envelope of probe signals from the NAA transmitter. Perturbations of amplitude
with the modulation period of heating transmitter were in the range from —0.04 to
+0.12 dB [149]. It is interesting to note that such disturbances caused by 100 kW
NAU VLF transmitter coincided in the order of magnitude with the heating effect of
the Tromso HF transmitter, the effective radiated power of which was 200 MW
[150]. This seeming contradiction was resolved by Taranenko et al. [151] who
showed that the amplitude disturbances of probe VLF wave in the Earth—ionosphere
waveguide in both cases should be comparable in magnitude since VLF heating is
maximum at the reflection heights of subionospheric signals in D-region, and
consequently the heating effect on the probe wave amplitude should be strongest
there.

A series of purposeful experiments on VLF heating of the lower ionosphere was
performed by Stanford University in the period from 1987 to 1992 [149]. In the
experiment of 1992, the amplitude and phase perturbations of probe signals at
21.4 kHz from NSS transmitter in Annapolis (Maryland) were registered in Gander
(Newfoundland). Investigated were the effects of ionosphere heating by the NAA
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transmitter in Cutler (Maine) operating at 24 kHz. For monitoring measurements,
the station in Gander received the NLK (24.8 kHz) and the NAU (28.5 kHz) signals
whose great circle paths did not pass through the ionosphic region heated by the
NAA transmitter. The ionosphere heating effect was found in 41 of 53 episodes of
NAA transmitter “ON/OFF”. The amplitude and phase perturbations of probe
signals lie in the ranges from —0.11 to +0.84 dB and from O to —5.3°, respectively
[152, 153]. In a similar experiment with the NLK transmitter as a heater, the
observed perturbations of probe wave amplitude on the NPM (Hawaii) — Saskatoon
(Saskatchewan) propagation path ranged from 0.3 to 1.6 dB [152, 153].

Strong ionospheric disturbances in the zone of powerful VLF transmitter NWC
(Australia) were observed from the Demeter satellite [5]. Significant enhancement
of electron temperature and fluctuations of electron and ion densities were recorded
together with intensification of HF and ELF electrostatic waves. Dimension of the
perturbation zone in the ionosphere at the satellite altitude (~700 km) was about
800 km along the orbit, the position of center of this zone corresponded to L-shell of
the NWC transmitter (L = 1.41).

Thus numerous experiments show that intense VLF waves from different
sources influence on the lower ionosphere and therefore on the characteristics of
radio wave propagation sensible to changes in the ionosphere parameters.

Three-dimensional (3D) theoretical modeling of the lower ionosphere heating by
VLF transmitter radiation was carried out by Rodriguez and Inan [153] and
Rodriguez [152]. The heated area in the ionosphere has a form of a spot with a
radius of ~150 km at the level half of the perturbation maximum. Position of
maximum is slightly shifted to pole from the position of heater. For transmitters
with radiated power ~1,000 kW the electron temperature in maximum of heating
(~87 km) exceeds the undisturbed level approximately threefold.

3.2.3.3 Acceleration of Ionospheric Ions

Effect of acceleration of ions in the ionosphere under influence of radiation from
ground-based VLF transmitter was first observed onboard the Aureol-3 satellite [8].
The observations were made in the zone of Arkhangelsk VLF transmitter (64° 24'N,
41° 32'E, L = 4), which radiated ~300 kW power at the carrier frequency 19.1 kHz
with amplitude modulation by periodic pulses (8 s ON-8 s OFF). The satellite
instrumentation set provided measurements of ion distributions for M = 1-32
atomic mass units at energies from 0.01 to 3.5 keV/charge and pitch-angles 85°
and 145° combined with analysis of electromagnetic fields in the frequency range
from 10 Hz to 20 kHz.

The observations showed that a mid-latitude increase in H", He* and O* ion fluxes,
of about an order of magnitude above the background level, at the energies 250-330
eV and pitch-angles 85° and 145° occurred in the zone, in which the transmitter signals
were detected. Such quasi-transverse and upward ion fluxes with magnitude up to
10°-10" cm™ %5~ "-sr'-keV ! were observed in five passages of the Aureol-3 satellite
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over the zone of Arkhangelsk VLF transmitter. It is significant that the upward (145°)
ion fluxes directed from the ionosphere into the magnetosphere were of the same
order of magnitude as the quasi-transverse (85°) ion fluxes. Simultaneously with
anomalous ions the VLF emission at the frequencies ~4.5 kHz well correlated with
the transmitter pulses have been observed. These frequencies were close to local low
hybrid resonance frequency. Let us note that the measurements were carried out in the
conditions of low geomagnetic activity (Dg, = —10), therefore the zone of natural
auroral precipitations lied in higher latitudes.

From the discussed Aureol-3 data Dzhordzhio et al. [8] have concluded that
intense electromagnetic waves radiated by ground VLF transmitter could stimulate
acceleration up to 300 eV energy and injection into the magnetosphere of iono-
spheric O", He* , H" ions combined with excitation of ELF/VLF noises.

Due to high phase velocity of whistler mode waves, their interaction with supra
thermal (<1 keV) ions in the ionosphere is not effective. For explanation of these
experimental results, it seems reasonable to consider a two-step process — nonlinear
conversion of whistler waves from the transmitter into other plasma modes and the
subsequent interaction of these secondary waves with ionospheric ions. Mechan-
isms for transformation of waves and acceleration of ions are considered below.

Continuation of active experiments on the influence of VLF transmission on ion
distributions and ELF/VLF emissions in the ionosphere has been performed by
Chmyrev et al. [10]. These experiments were carried out onboard the COSMOS-
1809 satellite using a Arkhangelsk VLF transmitter operated at frequencies 15 and
19.1 kHz in the same regime as above (300 kW radiated power, pulse modulation:
8 s ON-8 s OFF). The satellite was operating on the near circular orbit with altitude
~960 km and inclination 82.5°. Eight episodes of the transmitter operation were
carried out during the satellite passages over the transmitter zone. Distance in
longitude between the satellite trajectory and the transmitter location in these
episodes was <30°.

Figure 3.1 shows the distribution of low-energy ion fluxes in the ionosphere over
the transmitter zone obtained on the satellite orbit 1376, which was nearest to the
transmitter. Each of the four panels in Fig. 3.2, which corresponds to different energy
channels of electrostatic analyzer SF-3M, presents the ion fluxes for pitch-angles
o = 5-40°, 50-85°, 95-130°, 140-175°. In this episode, the transmission started at
20.30 UT when COSMOS-1809 crossed the L-shell of the transmitter (L = 4).

Itis seen from Fig. 3.1 that effective heating of ions occurred in the ionosphere over
the transmitter zone, where the flux of ions with energy 28-74 eV increased from the
background level of 10* cm s~ "-sr "keV ™" up to (2-4)-10* cm s '.sr " -keV ™!
during the time smaller or of the order of 1 min. An important peculiarity of the
particle distributions in Fig. 3.1 is that the downward ion fluxes were the strongest and
the particles with higher energy appeared later (at higher L-shells). For precipitation
and quasi-transverse fluxes, it means that particles accumulate energy at larger
length or at higher altitudes along the line of magnetic field above the satellite.
The characteristic transverse scale of the acceleration zone, as estimated from 28 eV
ion distribution, is ~200 km at the satellite altitude (h ~ 960 km). The analysis
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Fig. 3.1 Distribution of low energy ion fluxes along the orbit 1376 of COSMOS-1809 satellite
over the Arkhangelsk VLF transmitter zone for energies ~ 9, 28, 74, and 205 eV and pitch-angles
5-40° (—), 50-85° (- —-), 95-130° (- - —), and 140-175° (- - -)

of energy spectrum of ions for all pitch-angles showed that the enhancement of
ion fluxes in the transmitter zone took place in the range from 10 to 200 eV with
maximum at 20-70 eV.

3.2.3.4 Parametric Excitation of ELF Waves in the Upper Ionosphere

Enhancement of intensity (stimulation) of ELF noises correlated with VLF trans-
missions was observed on three passages of COSMOS-1809 over the transmitter
zone where the discussed above ion acceleration occurred [10]. Stimulated
ELF emissions were found very near the transmitter (within £5° in longitudes
and £3° in latitudes) in the region of maximum intensity of the transmitter signals.
The spectral density of noises at the lower part (f < 400 Hz) of the device
frequency range increased during the transmitter pulses 2-3 times above the
undisturbed level observed in pauses between the pulses. A maximum of induced
ELF wave intensity appeared to be at 140-180 Hz.
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Spectra of VLF transmitter signals during the observation of stimulated ELF
emissions at all three orbits was found to be broadened; the characteristic broaden-
ing was A f ~ £ (200400 Hz). This value corresponds to the frequency band of
ELF emissions correlated with VLF transmitter pulses.

Let us note that the effect of spectral broadening of VLF signals in the iono-
sphere and the magnetosphere of the Earth were numerously observed from satel-
lites and on the ground [154—-157]. Titova et al. [156] interpreted this effect in terms
of VLF signal scattering by low-frequency plasma turbulence (in particular the ion-
cyclotron one) in the ionosphere below and/or near the satellite. At such scattering
process the observed electrostatic ELF emissions were not correlated with the
transmitter signals and the broadening effect took place for all transmitters inde-
pendently on their power [156].

In the experiment [10] such scattering of VLF signals was also observed; ELF
emissions in these cases were not correlated with transmitter pulses and the
spectrum-broadening effect was registered for all VLF transmitters (independently
on power) observed on satellite at the frequencies below 20 kHz. However, besides
the scattering by ionospheric turbulence, the nonlinear VLF wave interaction
process occurred in the experiment [10], which resulted in the generation of ELF
waves and depended on the intensity of pump wave. Such conclusion was made
based on the correlation between the observed ELF emissions and the transmitter
signals and also from the fact that spectrum broadening in such events has been
observed only for powerful signals. The latter followed from the comparison of
simultaneously observed signals of the Arkhangelsk VLF transmitter (radiated
power ~300 kW) at 19.1 kHz with signals from the OMEGA transmitter in Norway
(radiated power ~10 kW) at 10.2 kHz.

The measurements of wave intensity in separate spectral channels showed that the
propagation of a strong electromagnetic wave from a VLF transmitter through the
ionosphere was accompanied by the generation of rather intense (~8 pV/m-Hz'?)
secondary emissions in the electric field at frequencies ~140 Hz. This emission
was well correlated with the transmitter signals, while other spectral channels did
not indicate any reaction on the transmitter operation. However, magnetic component
of the emission at 140 Hz did not exceed the level of noise (~0.3 pT/Hz]/ 2). The filter
bandwidth in a channel 140 Hz of the spectrum analyzer was ~20 Hz. The ratio
of magnetic-to-electric field components for the transmitter signals was N = B/E ~ 18
that corresponded to the refraction index of the whistler mode wave.

Thus, the presented experimental results confirm the generation of ELF waves
and acceleration of ionospheric ions under the influence of strong VLF transmis-
sions. Before considering physical mechanisms for such influence, let us resume the
main characteristics of the observed phenomena:

¢ The excitation of ELF emissions correlating with Arkhangelsk VLF transmitter
signals was observed in the frequency range 70—400 Hz with maximum intensity
~8 uV/m-Hz'? at frequencies 140—180 Hz.

¢ Simultaneously, with the generation of ELF emissions, the spectral broadening
A f= £+ (200-400 Hz) was observed in Arkhangelsk transmitter signals while
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broadening of weaker signals from the OMEGA transmitter in the same zone
was not found.

e The enhancement of ion flux in the transmitter zone took place in the range of
energies from 10 to 200 eV; maximum of flux intensity ~(2-4)-10* cm™>
s~ '.sr eV~ ! was observed at 20-70 eV.

e Accelerated ion fluxes were anisotropic; the highest anisotropy was observed at
~28 eV.

As we mentioned the interaction of low energy (<1 keV) ions with whistler
waves at the transmitter frequencies and in ELF range is not effective due to high
phase velocities of these waves in the ionosphere. Therefore, it was reasonable to
suppose that suprathermal ions were accelerated by one of the ion branches of
plasma waves, which could be excited due to parametric instability of intense
whistler mode waves. In the frequency range 70—400 Hz, it could be electrostatic
ion-cyclotron waves, ion-acoustic, and electromagnetic ion-cyclotron waves, the
generation of which has been considered in many papers (see, e.g. [158, 159]). The
highest growth rates are realized in a process of decay interaction of whistler with
low frequency plasma wave and ion-cyclotron wave. Detailed analysis of the ion
wave modes generation by decay instability of quasimonochromatic whistler waves
with account of several types of ions and variations of ion composition with altitude
in the ionosphere has been performed by Chmyrev et al. [160]. Effectiveness of
decay process with participation of electromagnetic ion-cyclotron waves in the
ionosphere is substantially higher than with electrostatic waves due to strong linear
attenuation of latter [159]. Electromagnetic ion-cyclotron waves present one of the
most effective sources of ion acceleration in the upper ionosphere [161]. With
account of these circumstances Taranenko and Chmyrev [159] and Chmyrev et al.
[160] suggested the following scheme for explanation of the above-discussed
experimental results. Intense whistler mode wave from the ground VLF transmitter
decays in the upper ionosphere on other whistler propagating near the resonance
cone and highly oblique left-polarized electromagnetic ion-cyclotron wave. The ion
waves propagating upward in the region of decreasing geomagnetic field will be
effectively absorbed by ions providing their acceleration. This mechanism is
similar to [161] with the difference that in [161] the electromagnetic ion-cyclotron
waves are excited due to instability of precipitating auroral electrons while in [159,
160] — due to parametric instability of intense whistler waves. Analysis of growth
rates y; and frequencies w3 of electromagnetic ion-cyclotron waves for this process
showed that excitation was possible only for waves with large transverse compo-
nents of wave vectors [159]. The corresponding frequency range w; ~ 100-350 Hz
calculated for altitudes below 2,000 km was in agreement with the data on genera-
tion of ELF emissions and VLF wave spectra broadening. Maximum growth rate
was y; ~ 2-3 s~ ! at the amplitude of pump wave ~10 mV/m [159].

Let us consider now the interaction of parametrically excited electromagnetic
ion-cyclotron waves with ions [10]. Dispersion equation for these waves as known
can be written as follows:

w3 = kjzva(l — 3% /wg?) (1 + Kz)—1/27 K = cki3/wpe, 3.1
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where k3, k, 5 are longitudinal and transverse components of wave vector, wg; is
cyclotron frequency of ions, v, is Alfven velocity, ¢ and w,, are light velocity and
electron plasma frequency. Resonance energy of ions interacting with wave (3.1) at
first cyclotron resonance is defined as

Mv2 M 2 2 . 2
//res VA w3 @pi 2\ —1
=—rt-=—Aa(1-— -1 1 3.2
W jres > ) ( w§i> <a)3 > (I+x7), (3.2)

where Vs = (wp; — w3)/k;3, M is ion mass, Vs and k3 are oppositely directed.
Let us estimate W, for H" ions in the ionosphere at altitudes ~2,000 km, where v ~
10% cm/s. At k = 3, which corresponds to maximum growth rate we find W s = 1.3
eV for frequency ws/wg; = 0.9 and Wy = 12.5eV for frequency ws/wg; = 0.8.

Following ref. [161], let us estimate an effectiveness of resonance heating of
ions in the conditions of the above-considered experiment [10]. We assume that
some part of the geomagnetic field tube is filled by electromagnetic ion-cyclotron
waves, born in the decay process, with a sufficient wide-frequency band so that in
every part of the trajectory in an inhomogeneous magnetic field, the particle could
find the wave, which satisfies the condition of local cyclotron resonance and
therefore experiences continuous acceleration along the trajectory. The transverse
energy increment of resonance ion can be written as

M(AV,)®  QE%,
2 oM

AW, = (A[)z,

where e and M are particle charge and mass, E | 3 is transverse component of wave
electric field, Az is a time of particle being in resonance with wave. In the vicinity of
resonance frequency, one may assume E 3> = P(f)A f, where P(f) is a spectral
density of the emission and A f'is the frequency bandwidth. For the wide band wave
packet, it is possible to believe the resonance time Af to be equal to the characteris-
tic time of phase correlation in the packet, that is, At~(A f)~'. Then, for the energy
growth rate, we obtain [161]

== : (3.3)

The movement of a particle in an inhomogeneous magnetic field By(s) in
approximation of a leading center with an account of Eq. (3.3), neglecting the
geomagnetic field-aligned electric field, is described by the following equations
[161]:

aw d
SE = Wov) By dBo/ds + P ) /2M,M% — _W.B;'dBy/ds, (3.4)
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where v/, is longitudinal velocity of particle, W is transverse energy, and ds is an
element of length. For dipole magnetic field, Eq. (3.4) has a form

LWL 3 singp(3 4 5 sinp)  €*P(f,p)
" 2de — 1T cosp(1+ 3 sinly) oM

LRy cos (1 + 3 sin’p)"/?,

. .2

M), 22d;// — . 3 sinp(3+5 51121 ®) (35)
® cos (1 + 3 sin“p)

where ¢ is geomagnetic latitude, L is Mcllwain parameter, and R is the Earth’s

radius. When obtaining Eq. (3.5) we assumed d/dt = v,,(0¢/0s)d/dep.

Numerical integration of Eq. (3.5) along the part of magnetic field line at L =
4.64, where ion acceleration took place was performed in [10]. Integration was
carried out in the range of Ay from initial latitude ¢, corresponding to altitude £ at
a given magnetic field line downward to final latitude ¢; = 61.3° corresponding
to altitude 450 km. While calculating, it was assumed that electromagnetic ion-
cyclotron waves were generated along a geomagnetic field line and that their
intensity was constant (dP/dy = 0) within Ay. A resonant particle with initial
parallel energy W in the point ¢ = ¢, was moving downward. Calculations were
made for H" ions with initial transverse energy W , o = 0 and initial parallel energies
W0 = 12.5 and 6.25 eV. Spectral density of electromagnetic ion-cyclotron waves
was taken according to experimentally observed value P =8 x 10~ "' VZm 2Hz .
It was found that at this wave intensity, the particle energy increase could reach
AW = 20-30 eV in the interval A = 3-5°, which corresponds to interval of heights
Ah =~ 1,400-2,300 km on a given magnetic field line. Pitch-angle, with which the
particle comes to satellite at the altitude ~1,000 km, depends on the altitude (or
latitude A¢p) and on initial parallel energy, from which this particle starts accelera-
tion. The particles accelerated at altitudes below satellite and the accelerated
particles came from above and turned back in mirror points below 1,000 km provide
some upward flux corresponding to pitch-angles o > /2. All these characteristics
are in agreement with the experiments.

So this modeling shows that the mechanism of ion acceleration by electromag-
netic ion-cyclotron waves generated by parametric instability of strong VLF waves
in the ionosphere is sufficiently effective to explain existing experimental data.

The VLF transmitter described in ref. [8] started to work several hours before
satellite arrival in the transmitter zone, and there was enough time for pumping the
accelerated particles into the wide range of geomagnetic field tubes (life time of
such accelerated particles is ~10* s). Experimental data from COSMOS-1809
collected at orbit 1376 allow to analyze the development of ion acceleration process
in time and in altitudes along geomagnetic field lines since the transmitter located at
L = 4 was switched on at 20.30 UT, when the satellite was practically on the same
L-shell (L = 3.9). Thus, the accelerated ions whose velocities exceed the velocity of
satellite could reach the satellite only at higher L-shells moving to it from the
acceleration region, while the magnetic field tube is not completely filled by



114 V.M. Sorokin and V.M. Chmyrev

accelerated particles. Note that the lower energy (10-200 eV) accelerated ions
measured by COSMOS-1809 could be observed in a wider range of latitudes than
250-330 eV analyzed in ref. [8]. On the whole, the presented results of ion
measurements onboard the COSMOS-1809 satellite do not contradict the AUR-
EOL-3 observations [8].

Though the scientific instruments onboard the COSMOS — 1809 did not analyze
mass distribution of ions, we can assume that anomalous ion fluxes observed at
orbit 1376 have been accelerated in the upper ionosphere at altitudes below several
thousand kilometers. At the same effectiveness and location of acceleration mech-
anism, the O" ion needs by a factor of 4 longer time to reach the satellite altitude
than the H* ion. With account of the discussed data this means that the oxygen ions
could be observed by satellite only from narrower range of altitudes near the
satellite trajectory (or significantly later when satellite was far away from the
transmitter). Moving downward from the acceleration region at the sufficient
parallel velocity the H" ions started at several thousand kilometers and the O*
ions from the lower altitudes could be able to “run down” the satellite on ascending
orbit at L > L, where Ly is the transmitter L-shell.

So the presented materials can be considered as experimental evidence of the
acceleration processes in the upper ionosphere initiated by electromagnetic radia-
tion from the powerful VLF transmitter. As a confirmation of this thesis, we can
mention the observation of 630 nm [OI] and Hg atmospheric emissions from the
“Intercosmos-Bulgaria 1300 satellite, which demonstrated the possibility of stim-
ulation (or intensification) of these emissions due to forming the fluxes of acceler-
ated ions and suprathermal electrons under the influence of intense VLF waves [9].

3.2.3.5 Artificial Stimulation of Geomagnetic Pulsations

In 1975 Frazer-Smith and Cole from Stanford University first paid attention on the
fact that powerful ground-based VLF transmitters influenced on the generation
regime of geomagnetic pulsations [162]. They have shown that the occurrence
rate and the intensity of Pc-1 oscillations increased when the VLF transmitter
located near the registration site operated.

Beginning from 1975 the Institute of Terrestrial Magnetism, Ionosphere and
Radio Wave Propagation of Russian Academy of Sciences (IZMIRAN) has carried
out a series of active experiments on the ionosphere modification by electromag-
netic radiation from VLF transmitters. Below we consider the results of these
experiments related to artificial stimulation of geomagnetic pulsations.

First of these experiments called “Juliana” has been carried out in February 1975
with use of Arkhangelsk VLF transmitter operated for this experiment at the fre-
quency 12.5 kHz in the mode of amplitude pulse modulation, 15 s ON-15 s OFF.
Module magnetic measurements were carried out at [ZMIRAN expedition base ~200
km away from the transmitter. Data reduction of the magnetic records with use of the
epoch superposition method revealed an excitation of the magnetic field oscillations
with the repetition period (30 s) of the transmitter signals and with amplitude ~16 nT
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[163]. In pauses between the transmissions, no regular 30 s oscillations were observed.
This observation was the first direct experimental evidence of artificial generation of
geomagnetic pulsations under influence of VLF transmitter on the ionosphere and the
magnetosphere.

The experiments of 1987 were also carried out with use of Arkhangelsk VLF
transmitter. The radiated power was 300 kW, the carrier frequencies were 15 and
19.1 kHz, and the modulation regimes were 2 s ON-2 s OFF, 8 s ON-8 s OFF, and
50 s ON-10 s OFF. Measurements of geomagnetic pulsations were performed at
Lekhta station in Karelia (Russia) and at Oulu, Kevo, and Sodankyla stations in
Finland. In these experiments the ground-based geomagnetic observations were
accompanied by the measurements of ELF/VLF waves and particle fluxes onboard
the COSMOS-1809 satellite.

Figure 3.2 shows one of the episodes of artificial stimulation of geomagnetic
oscillations [164]. In this episode the transmitter was operating in the modulation
regime 8/8 during the night time in quiet geomagnetic conditions. Presented are the
wave forms of D-component of geomagnetic pulsations recorded in Lekhta in two
frequency channels (LF: 0.005-1.0 Hz and HF: 0.1-1.0 Hz) and the spectrogram of
H-component of geomagnetic pulsations observed in Kevo. The bar near 21.00 UT
in the lower part of Fig. 3.2 indicates the time interval when transmitter was active.

It is seen from Fig. 3.2 that the pulsation bursts of Pi-1 and Pi-2 types have
appeared 10—15 min after beginning of transmitter operation and terminated
approximately 15 min after transmitter switching off. Maximum amplitudes were
~0.1 nT (HF channel) and ~4 nT (LF channel) [164].

We already discussed the COSMOS-1809 satellite data on 9-205 eV ions observed
over the transmitter zone during this episode (see Fig. 3.1). When the ground
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Fig. 3.2 Wave forms of the magnetic field oscillations (D — component) at Lekhta station and the
spectrogram of geomagnetic oscillations (H — component) observed at Kevo station 27 March 1987
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multistation measurements indicated the generation of geomagnetic oscillations, the
satellite observed significant enhancement of ion fluxes with energies 9-205 eV in
narrow zone < 3° above transmitter, the maximum ~4 X 10*cm 25 st eV ! was
at 20-70 eV [10]. This combination of simultaneous ground and satellite observations
has given a base for assumption that the generation of Pi-1 and Pi-2 geomagnetic
pulsations in this case was stimulated by the VLF transmitter [164].

The characteristic time delay between the commencement of VLF transmission
and the appearance of stimulated magnetic oscillations was about 10-15 min.
Owing to such conjunction in observations of geomagnetic pulsations and acceler-
ated ions it was natural to conclude that transmitter influence on the generation of
magnetic oscillations was performed by means of artificially accelerated iono-
spheric ions carried into the magnetosphere.

VLF transmitter-induced formation of conic ion distributions and transfer of
accelerated ionospheric ions (O*, He*, and H") into the magnetosphere was
observed from the AUREOL-3 satellite [8] as we already discussed.

The considered experimental data have been used for the development of
theoretical model of artificially stimulated geomagnetic oscillations [160, 164].
According to this model transverse acceleration of ions takes place in the upper
ionosphere below 2,000 km, where the intensities of injected VLF waves and of
parametrically excited ELF emissions are sufficiently high, while the generation
(amplification) of geomagnetic oscillations by accelerated ions occurs in the mag-
netosphere (mainly in the near equator region), where the magnetic field and plasma
spatial gradients are small. The time delay between the commencement of VLF
wave injection and the appearance of geomagnetic pulsations is about the time
needed for accelerated ions to fill up the magnetic field tube in the acceleration
zone. The estimates made in refs. [160, 164] have shown that the ion fluxes
observed in the discussed experiments could provide the amplification of oblique
Alfven waves in the magnetosphere near L ~ 4 with exponential growth rate ~0.2
s~ ! for frequencies ~5 Hz and ~0.05 s~ for frequencies ~0.5 Hz. At such growth
rates the stimulation of geomagnetic pulsations could be provided at the time scale
of the order of several minutes.

3.3 Electric Current and Field Perturbation
in the Atmosphere-Ionosphere Circuit

3.3.1 Egquations Describing the Electric Potential
in the Ionosphere

The below-considered electrodynamic model of electromagnetic and plasma pre-
cursors to earthquake was formulated in refs. [21, 165] to explain some of the
observed phenomena by the electric field enhancement in the ionosphere over a
seismically active zone. The idea of such explanations arose from the observations
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of anomalous DC electric fields ~10 mV/m in the low-latitude ionosphere over a
region shortly before an earthquake [45]. An existence of seismic-related electric
fields and their possible role in the lithosphere—ionosphere coupling were discussed
in refs. [38, 43, 166, 167]. The main conclusion made in these papers was that to
excite more or less significant (>1 mV/m) electric field in the ionosphere, the
vertical component of long-term DC electric field on the Earth’s surface should be
~1-10 kV/m in the area ~100 km. Such fields at the time scale about several days
have never been observed. Vershinin et al. [42] reported the observation of short-
time (1-2 h) bursts of the localized vertical electric field ~500 V/m 8-10 h before
an earthquake. According to Buchachenko et al. [15], the meaningful ionospheric
precursors should exist at least for several days. The long-time electric field
variations observed before earthquakes have a magnitude ~100 V/m or less [42].
So for proper modelling, we should find the mechanism providing the generation of
~10 mV/m electric field in the ionosphere at slow variations of the vertical electric
field near the Earth’s surface with magnitude ~100 V/m or below.

Such mechanism based on the electric field perturbation by the conductivity
currents in the atmosphere and the ionosphere was suggested in refs. [30, 168].
Their source was an external electric current generated by the injection of charged
aerosols into the atmosphere with soil gases, the upward transfer of these aerosols,
and their gravitational sedimentation with charge relaxation. Evidently the time
scales of the external current generation and the injection of soil gases into the
atmosphere should be similar.

Let us consider the generation of the electric field perturbation by an external
current j, in the Earth—ionosphere layer. We will find a system of equations that
determine the potential ¢ of the electric field perturbation E = —V - ¢. Let us
introduce Cartesian coordinates (x,y,z)with the z-axis directed vertically upward.
The homogeneous magnetic field B is directed at epy angle of « with respect to the
x-axis. The z = 0 plane coincides with the ideally conducting Earth’s surface. We
assume that the electric field potential is zero on this plane, ¢|,_, = 0. The layer
0<z<z is the atmosphere, whose conductivity ¢(z) depends on the altitude z.
The z = z; plane coincides with the thin conducting ionosphere characterized by
the integral conductivity tensor with the components Xp, Xy (the Pedersen and
Hall conductivities, respectively). According to refs. [30, 168], for slow processes
with characteristic times 7> 1/, the distribution of the horizontal electric field
components in the ionosphere is derived by the equations:

o0 o0
1 :
E(x,y) pEs K. (x—x,y—y)ji(,y)dx' dy}
—00 —00
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Equations (3.6) are used to calculate the spatial electric field distribution in the
ionosphere.

3.3.2 Electric Field Limitation on the Earth’s Surface

As mentioned above, the long-time (~ several days) variations of the electric
field on the ground do not exceed ~100 V/m. Such limitation can be connected
with the feedback between the vertical electric field perturbation and the causa-
tive external electric current near the Earth’s surface [30]. The feedback is
provided by the potential barrier at the Earth—atmosphere boundary that controls
the upward moving of charged aerosol particles through this boundary. The
movement occurs owing to viscosity of soil gases injected into the atmosphere.
For instance, if a positively charged particle emerges from the Earth into the
atmosphere, the Earth’s surface gets charged negatively, and the electric field that
appears, which is directed downward, impedes particle emergence to the surface.
At the same time, this field stimulates the emergence of negatively charged
particles onto the surface.

The vertical electric field component in the atmosphere E, = —9¢/0z is defined
by the following equation [30]:

PV T S X / dz
EZ( 72) - 1( ) e( aZ) ) l( ) - dz . (37)
r a(2) [J )= Jelr ] Jur 0/ a(z) 0/0(2)

We assume that an external current is formed as a result of the injection of
positively ( j,) and negatively (j,) charged soil aerosols into the atmosphere,

Je(x,3,2) = Jp(,7)5p(2) = jn(x, ¥)sn(2);  8p(z = 0) = su(z =0) = 1.

The sp(z) and s,(z) functions describe the altitude distribution of external
currents. Substituting the above equality into Eq. (3.7) yields an equation for the
vertical electric field component on the Earth’s surface, namely,

1
E.o(x,y) = - U1, y) = Jp (6, y) +jn(x,9) ]
1
J1 (XJ) = ; [jp(xa)’)kp _jn(x»)’)kn]-
E.o(x,y) = E.(x,y,2=0); 0do=0(z=0); G5
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External currents of positively and negatively charged aerosols depend on the
vertical electric field component on the Earth’s surface as required by the feedback
mechanism,

jp(x7y) :jp0<x7y)f(EZO(xay)/Ecp); jn(xay) :jnO(x7Y)f(_EzO(x7y)/Ecn)7

where jpo(x,y), jao(x,y) are determined by the intensity of charged aerosols injec-
tion in the absence of an electric field. When the negative field reaches some critical
value E,, it blocks the flow of positively charged particles. Accordingly, a positive
field blocks the flow of negatively charged particles. The critical field can be
estimated in the order of magnitude from the balance equation for viscous, gravity,
and electrostatic forces,

E, = (6 R,V — mpg)/ezp§ Ey = (6 R,V — mng)/ezn;

where 7 is the viscosity of air, V is the velocity of upward movement of soil gases in
earth, R, is the aerosol particle radius, ny, = (4/3) nRg,nu is the particle mass,
and u is the particle density. The viscous force of soil gases that rise in the Earth
acts on a particle upward. The gravity force is directed downward. The electrostatic
force, which appears as a result of the emergence of a positively charged particle
onto the surface, is directed downward. For simplicity, we assume that positively
and negatively charged aerosols have equal sizes and masses, E¢, = E¢, = E¢. To
perform calculations, let us specify the functional dependence f on the electric field

as f = /1 + E,y/E.. Using this dependence in Eq. (3.8) yields

1 . k Ez() X,y . kn EZO X,y
Ex(x,y) :0'_0 lJpo(xJ) <;p— 1> 1 +7é ) —Jjno(x,y) (;— 1> 1 ——é ) :
(4 C

(3.9)

Given jpo, jno, this equation allows us to calculate the vertical electric field
component on the Earth’s surface. After solving Eq. (3.9), we can determine the
horizontal distribution of the conductivity current flowing from the atmosphere into
the ionosphere. It follows from Egs. (3.8) and (3.9) that

1 Ey(x, . Ex(x,
) = [jp()(x,y),/l M —%k] @10

Let us assume n = 1.72 x 1077 kg/(cm-s), V = 10 m/s,R=5x 107" m, =
1.5 x 10° kg/m?, and Z = 100. Then the estimates of the critical field give E, =
450 V/m and o¢E. = 10 pA/mz. It means that the vertical electric field on the
Earth’s surface cannot exceed the value E,,, = 90 V/m.
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3.3.3 Mechanisms of External Electric Current Generation
in the Lower Atmosphere

Various mechanisms can be responsible for the formation of external currents in the
near-ground atmospheric layer [169, 170]. One of the most effective mechanisms is
associated with intensification of charged soil aerosol injection into the atmosphere
or with changes in meteorological conditions at a stable altitude distribution of
aerosols. It was experimentally shown [23-27] that, several days before an earth-
quake, the concentration of metal ion-containing soil aerosols in the atmosphere
increases by one or two orders of magnitude. The quasi-stationary aerosol distribu-
tion is formed as a result of turbulent upward transfer and gravitational sedimenta-
tion. Turbulent transfer occurs due to two main reasons. First is connected with
vertical gradient of horizontal wind velocity and transformation of wind kinetic
energy into the energy of turbulent pulsations. Second is caused by the thermal
instability of the atmosphere arising when negative temperature gradient exceeds its
adiabatic gradient. Turbulent vortices transfer aerosols from the altitudes, where
their concentration N is high to the altitudes of a lower concentration. Equilibrium
is attained when the vertical flux of aerosols is balanced by their gravitational
sedimentation at the rate w.

For describing the dynamics of particles determined by stochastic differential
equations we will use the probability distribution function f(g,z,¢) of aerosols,
which has the meaning of a probability that a particle has the charge ¢ at the time
t and the altitude z [21]. If transport coefficient K weakly depends on the altitude,
the kinetic equation for the f(q,z, ) distribution function takes the form [21]:

o of a . . O

The space—time distributions of aerosol concentration, N(z,t), their electric
charge density, p.(z,7), and the density of external current connected with their
motion, je(z,t), can be written in terms of the moments of the f (g, z, ¢) distribution
function. The equation for the moments has a form

ON ON PN dp,

Dje
A I SR A

+4 no(z)p, = 5

The last equality describes the density of external charge and current in a
conducting medium. Changes in the number of external charges in a distinguished
volume are determined by two processes. First, this is electromotive force-induced
transfer through the surface that bounds this volume. Secondly, there is a decrease
in the external charge caused by its relaxation in the environment with conductivity
o. For instance, if the total flux of external charges through the surface binding the
volume becomes zero V -j, =0, the number of these charges in the volume
decreases according to the law p. ~ exp(—4naf). The relaxation time is ~1/4mo.
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If the process is fairly fast (t < 1/4na), charges fail to relax, and the continuity
condition takes the form Op./0t + V - j, = 0. Otherwise, if external charges are
formed at a low rate (7 > 1/4n0), the external charge density is connected with the
external current as 4nop, + V - j, = 0. This equality means that, in the stationary
state, the disappearance of external charges in the volume due to relaxation is
balanced by their transfer through the boundary surface. We assume that the
characteristic time of the processes under consideration is longer than the relaxation
time 1/4 no. Equation for the altitude distribution of external current in the quasi-
stationary approximation can be found from the above consideration in the follow-
ing form:

O 1 9z w o Oje(z,t)  Jelz,1) 0
0z |4no(z) Oz 4no(z)K Oz K

An influence of variations in conductivity and radioactivity in the lower atmo-
sphere on DC electric field over a seismic region was investigated by Sorokin
et al. [171]. This effect is associated with the occurrence of ionization source due
to seismic-related emanation of radon and other radioactive elements into the atmo-
sphere. The natural radioactivity of the lower atmosphere is mainly associated with
such elements as radon, radium, thorium, actinium, and their decay products. Radio-
active elements enter the atmosphere together with soil gas, and then they are
transferred by the air streams upwards up to the altitude of a few kilometers.
An increase in the level of atmospheric radioactivity, for example, prior to an
earthquake, leads to an increase in the ion production rate g. The number density of
light ions and the mean charge of aerosols are determined by recombination of ions
and their adhesion to aerosols at given ionization sources. The vertical distribution of
ion production rate is formed as a result of atmospheric absorption of gamma
radiation and alpha particles from the decay of radioactive elements in the atmo-
sphere. The total ion production rate in the lower atmosphere is formed by two
sources — the cosmic rays and the atmospheric radioactivity. To calculate the external
current and the atmosphere conductivity, it is necessary to find an equilibrium ion
number density depending on the ion formation rate. The equilibrium value of ion
number density is defined by their recombination in the air and adhesion to aerosols.
The perturbations of conductivity and external electric current as a function of
altitude have been calculated from the following equations [171]:

d 1 d]p n 1 d]p n jp.n
S (2 en —Zpn_ PR _ . =2
Py, (G dz ) + o dz  2evpn 0= ceun

N, N, q
= N4 —N; N=—E (i), p=, /2
n + ng ; de0n \ iy + o) no "

where ¢ = 2eun is the atmospheric conductivity, ng is the ion number density in the
clean atmosphere without aerosols, N, , are the positive and negative aerosol number
densities, o is the recombination constant, and p is the light ion mobility in the
atmosphere. Rapid growth of the conductivity occurs in the near surface layer.
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At altitudes up to 6 km, the conductivity increases with the growth of the radioactivity
level. The aerosol number density increase leads to decrease of conductivity due to
loss of the light ions caused by their adhesion to aerosols. The calculations showed
significant current densities at the altitude up to 12—14 km with maximum at 1-2 km.
External current decreases with growth of atmospheric radioactivity.

3.3.4 Results of the Electric Field Calculation

Let us consider the electric field generation by external currents associated with the
charged aerosol dynamics in the lower atmosphere. We accept the large-scale
axially symmetrical external current distribution. Such distribution corresponds to
vertical transport of aqueous aerosols in typhoon regions [30]. The horizontal

electric field component in the ionosphere E,(r, p) = ,/EZ + E§ is calculated for
various ¢ = arctan(y/x) angles, ¢ = 0 and corresponds to the magnetic meridian
plane. The external current is induced by vertical atmospheric convection,
which acts as an electrostatic generator. Air moving upward transfers small
positively charged particles, whereas gravitational sedimentation transfers negative
charges downward. The index of charge separation in unit cloud volume is
do / df ~ 1 C/km3min ~ 10~ C/m3s. Perhaps, the vertical convective movements
in typhoon regions are characterized by smaller indices; their values are not exactly
known. We assume that, at altitudes of zop= 10 km, the mean charge separation
index is of ~4 x 107'2 C/m> s. The estimates then give the current density joo ~
(dQ/df)zg ~ 4 x 107® A/m>. It was found that the electric field component in the
magnetic meridian plane is much smaller than the component in the perpendicular
plane. The distribution substantially depends on the field tilt angle «. The spatial
field structure has two maxima with a very small component in the magnetic
meridian plane (in the center of a typhoon) for small (<20°) field tilt angle [30].

Seismic and volcanic activities initiate the enhanced injection of charged
aerosols with soil gases into the atmosphere. These aerosol fluxes as we discussed
above generate the external electric currents and related electric field perturba-
tions. Sorokin et al. [168] have calculated the structure of such perturbations for
the seismic event with axially symmetric horizontal distribution of external
currents ~100 km in radius. Figure 3.3 presents the distributions of a vertical
component of the electric field on the Earth’s surface and of the horizontal
electric field component in the ionosphere. It is seen from this figure that the
ionospheric field can reach the values up to 10 mV/m, whereas the vertical field
component on the Earth’s surface does not exceed 100 V/m. This is good
illustration of the feedback mechanism for limitation of the ground electric field
considered in Section 3.3.2.

The field in the ionosphere reaches a maximum at the edge of an area covered by an
external current. The vertical electric field enhancement on the Earth’s surface occurs
in the region, which is approximately three times larger than the horizontal scale of the
external current. Within this region, the field virtually does not vary with distance.
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Fig. 3.3 Spatial distributions of the (a) horizontal electric field component in the ionosphere and
(b) vertical field component on the Earth’s surface

3.4 Plasma and Electromagnetic Effects of Seismic-Related
Electric Field in the Ionosphere

3.4.1 Instability of Acoustic-Gravity Waves and the
Formation of Horizontal Conductivity Inhomogeneities
in the Lower Ionosphere

Growth of the electric field leads to the instability of acoustic-gravity waves in the
ionosphere [172, 173]. The instability is connected with the transformation of Joule
heat of the ionosphere currents into the wave energy. According to [174], the
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ionosphere can be treated as a continuous medium with tensor conductivity in
the low-frequency approximation. The propagation of acoustic-gravity waves in
this medium is accompanied by the perturbation of conductivity and, therefore, of
currents. Under certain conditions, these perturbations are sufficiently strong for
Joule heat of the perturbed currents to increase an amplitude of acoustic-gravity
waves. The source of energy for this instability is the electromotive force of
external electric field. Field energy transforms into the energy of waves without
disturbing the heat balance of the medium. Let us analyze the stability of acoustic-
gravity waves in the presence of an external electric field on the assumption that the
magnetic field B is directed along the z-axis, and the electric field E, along the
x-axis. We shall use the equations of motion, continuity, conservation, and ideal gas
state in the gravitational field g. The gas is characterized by the velocity v, density
p, pressure p, and temperature 7. We shall also use the Ohm’s law for the current
density j in the ionosphere.

Let us consider the horizontal propagation of a plane wave along the x-axis in a
homogeneous medium, when the free fall acceleration can be neglected. We
assume that the unknown values depend on the coordinates and time as
exp(—iwt + ikx). The dispersion equation then takes the form [172]:

2= o(w + iop)[w + (0, — w2)] ’

a’lo ~+ (o + o1)]
o = 2o+ 1)(y — l)ap()E2/2a2p0; wy =y(y — l)opoEz/Zapo;

wm = opoB?/Ppy;  a* =RTy

where 7 is the ratio between the specific heat capacities, R is the universal gas
constant, and gpy is the Pedersen conductivity of the unperturbed ionosphere. The «
coefficient characterizes the ratio between the relative changes in density of ions
and gas density in the wave. The time dependence of perturbation is defined by
complex frequencies. If v = o’ + iI", where I' < «’, one obtains «’ = ak and
I'=—(wn— o1 —w)/2. If @,>w;+w,, then I'<0, and the wave turns
damp. At w; = w, = 0, the damping of the wave is determined by the parameter
W = opoB? / czpo, which characterizes induction deceleration. If w,, < ®; + ®»,
we have I > 0, that corresponds to instability. The equality w,, = w; + w, defines
the critical field value,

£ 7aB 2
TN DRat 1)

If the field is lower than critical, the initial perturbation fades out, and if it is
higher, the wave amplification occurs. Estimation gives Ex=(7 — 8)mV/m. For the
estimates we used a = 3 x 10?m/s; B = 0.30e; ¢ = 3 x 10%m/s; y=14; a=2.
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Let us consider the horizontal propagation of an acoustic-gravity wave (AGW)
along the x-axis on the assumption that J/9z = 0. The dispersion equation then
takes the form [172]:

ak\? (o+ ioy){ 0w + i(wy — )] — (0 + io,)wk + lw2w3}

(w> N of{w?lo + i(wy + o)) — (0 + ioy,) wz}

where w? = yg/4H is the boundary acoustic frequency, co = (y—1)g/yH is the
Brunt—Valsala frequency, and a)g =w (2rx +3) / y. Let us 1ntr0duce the complex
refractive index n + ik = ka/w. The n = n(w) and k = k(w) dependences have
been calculated from this equation in the vicinity of w,. It appeared that the absorp-
tion coefficient is negative and has a maximum at the frequencies @ ~ w,. This means
the instability regime, which provides the exponential growth of acoustic-gravity
waves at w ~ w, and produces the periodic plasma structure. Along with density and
pressure oscillations, the conductivity oscillations occur in the wave. Thus the AGW
instability leads to formation of periodic horizontal inhomogeneities of the iono-
sphere conductivity with the characteristic scale / ~ //2, where / is the wavelength at
® ~ g, where the AGW growth rate is maximum. At these frequencies, the
refractive index n(wg) reaches a maximum and the phase velocity becomes less
than the velocity of sound, v, = a / n (wg) < a. The horizontal inhomogeneity scale is

l=7/2= nvg/w, = ma/wgn(ws). 3.11)

Thus the enhancement of DC electric field causes the instability of acoustic-
gravity waves and generation of horizontal conductivity inhomogenities in the
lower ionosphere.

3.4.2 The Formation of Longitudinal Currents and Plasma
Inhomogeneities in the Upper Ionosphere
and the Magnetosphere

Horizontal conductivity inhomogeneities in the lower ionosphere change the struc-
ture of the electric fields and form the magnetic field-aligned plasma layers in the
upper ionosphere [172, 173, 175]. A high conductivity along magnetic field lines
results in electric field propagation into the upper ionosphere and the magneto-
sphere. This causes the formation of an electric circuit, which includes the longitu-
dinal currents in the magnetosphere that transfer the electric field along
geomagnetic field lines and the transverse closure currents provided by Pedersen
conductivity in the ionosphere. Note that the longitudinal currents are carried by
electrons, whereas ions are transverse current carriers. Therefore, the electric field
propagation along geomagnetic field lines and the formation of closure currents
should be accompanied by local changes in plasma density. Thus, the alternation of
ionospheric E-layer conductivity in the presence of an external electric field results
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in the appearance of a polarization electric field. The upward propagation of this
field causes the changes in plasma density structure in the upper ionosphere. Let us
estimate this effect.

Although an acoustic-gravity wave propagates along the x-axis, the conductivity
inhomogeneities associated with AGW instability are extended along the y-axis.
We assume that the electric field Ey lies in the (x, y) plane and the magnetic field B
is directed along the z-axis. When a conductivity inhomogeneity with the amplitude
Aopy moves in the E-layer of the ionosphere as an isolated band of width / ~ /2
extending along the y-axis, the plasma inhomogeneity extending along the mag-
netic field is formed in the upper ionosphere [176]. The band moves along the x-axis
with the AGW velocity vy = a / n (cog, w1 ) The magnetosphere is characterized by
the Alfven velocity v, or wave integral conductivity X, = ¢? / 47v,. The formation
of the conducting band in E-layer results in the occurrence of a polarization electric
field AE, which is transferred along geomagnetic field lines into the upper iono-
sphere and changes the plasma density in this region. The relative magnitude of this
change can be found from the equation [172]

N 1+D; —vg/vex.

170_ 1+D, —vg/vex’

Vifo D, =i (Zro + Zw)Exo + (Zn — Zno)Eyo
wiEy’ w; (Zp + Zy)Eyo ’

D, =

where N and N are the equilibrium densities of ions inside and outside the band,
Vex = —CEyo / B is the particle drift velocity, v, is the horizontal velocity of band
movement along the x-axis, Xp and Xy are the integral conductivities of the lower
ionosphere, and v; is the ion collisions frequency. We assume that the electric field
is directed along the x-axis (E,o = 0). The equality Zp = X, holds to a fairly high
accuracy in the ionosphere. If AXp/Zpy = Aop/opy and vicEy /w,-vgB < 1, the
change in plasma density AN = N — Ny can be estimated from the equation

AN AopvicE, N Vfc‘n(wg )Ex0

N_o - O'PQOJngB(Z + AO’p/O’po) 2w;aB

The altitude dependence of AN /Ny is described by the function v; = vi(z). Thus
the appearance of horizontal inhomogeneities in the lower ionosphere conductivity
results in the formation of plasma layers extended along the geomagnetic field. The
transverse size of these layers coincides with the scale of horizontal spatial structure
of conductivity.

3.4.3 Electromagnetic Perturbations in ULF/ELF Ranges

As mentioned above, satellite data on intensification of extremely low-frequency
(ELF) radiation over earthquake region were reported repeatedly. Several
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mechanisms of the generation of such radiation have been discussed during the past
years (e.g., see [177]). Calculations showed that these mechanisms produced much
weaker effects than those observed experimentally over the spectral range covering
several hundred hertz. A new mechanism based on the transformation of atmo-
spheric ELF noise on the small-scale inhomogeneities in the ionosphere was
proposed by [36]. This pulse electromagnetic noise is generated by lightning and
always exists in the Earth—ionosphere waveguide. The excitation of small-scale
plasma inhomogeneities in the ionosphere before earthquake was experimentally
confirmed [32] and explained by AGW instability in the presence of an overcritical
DC electric field [172, 173].

Let us consider the mechanism suggested by Borisov et al. [36]. The lowest
eigenmode of subionosphere waveguide (the TM mode) has the weakest attenuation
at frequencies below 1 kHz and can therefore propagate through large distances.
Because of the high conductivity of the Earth near the surface, the electric field of this
mode is directed vertically. A horizontal electric field component appears as the
altitude increases. Its value approaches the amplitude of the vertical component over
the spectral range 100—-1,000 Hz at altitudes of 115-120 km, at which the conductiv-
ity of the ionosphere is maximum. Horizontal components of the electric field pulses
from lightning discharges induce polarization currents on the conductivity inhomo-
geneities. The radiation from these currents, which depends on frequency, propagates
in a whistler mode upward into the upper ionosphere and the magnetosphere. Satellite
should observe this radiation at the same geomagnetic field lines where plasma
density inhomogenities are observed. The spectral characteristics and the intensity
of this radiation were found to be near the experimentally observed values [32].

Generation of small-scale plasma density irregularities in the ionosphere over
seismic zone, and the effects of these irregularities upon characteristics of very low-
frequency transmitter signals propagated through these disturbances and then
registered onboard a satellite were analyzed in [178]. The main effect is in observ-
able spectral broadening of signals. The calculations showed two characteristic
spatial scales of plasma density irregularities across the magnetic field. The first is
4-40 km, which has been confirmed by satellite observations, and the second is of
the order or less than 100 m [18]. These smaller-size irregularities produce notice-
able effect in very low-frequency signal spectral broadening, which is most pro-
nounced when the transmitter frequency is above, but close to the local low-hybrid
resonance frequency in the region where the small scale irregularities are present,
which in turn sets the requirement that the transmitter frequency be in the range
from 10 to 20 kHz. This corresponds to operational band of most VLF transmitters.
For the 100 m irregularities, we get the spectral broadening ~100 Hz that can easily
be registered by simple very low-frequency receiver onboard a satellite, provided
the transmitter power is high enough. This effect together with the direct satellite
measurements of plasma density variations can be used as an effective tool for
diagnostics of seismic-related ionospheric disturbances and therefore considered as
a possible ionospheric precursor to earthquake.

The observations of ultra low-frequency electromagnetic noises in the
vicinity of a forthcoming earthquake area were reported in several papers
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(e.g., see [177, 179-181]). In particular, Frazer-Smith in ref. [179] have observed
ULF oscillations in the frequency band 0.01-5 Hz approximately 10 days before
a strong earthquake at a distance ~50 km from the epicentre. Fitterman [56],
Molchanov et al. [55], and Pilipenko et al. [57] considered a source of this
phenomenon to be located in the lithosphere. An alternative ionospheric mecha-
nism for the generation of ULF magnetic field oscillations based on excitation of
gyrotropic waves (GW) was presented in refs. [182, 183].

Gyrotropic waves earlier observed by Sorokin and Fedorovich [59] propagate
within a thin layer of the lower ionosphere in low and medium latitudes with weak
attenuation at phase velocities from tens to hundreds of kilometers per second.

Some geophysical effects related to the generation and propagation of GW in the
horizontally homogeneous ionosphere were considered in refs. [184, 185]. A
comprehensive theory of these waves in the mid-latitude ionosphere was developed
by Sorokin and Pokhotelov [186].

Let us consider the generation mechanism for gyrotropic waves suggested in ref.
[183] where the key role, as for ELF radiation, belongs to ionospheric inhomogene-
ities. This mechanism involves the generation of GW in the lower ionosphere by the
interaction of electromagnetic noises with periodic horizontal inhomogeneities of
electrical conductivity excited by the acoustic-gravity wave instability in the
presence of an overcritical DC electric field. Polarization current excited on such
periodic structure forms the distributed source of gyrotropic waves with horizontal
spatial scale ~10 km. These waves propagated along the ionospheric E-layer
produce the magnetic field oscillations that can be observed on the ground in the
frequency band ~1-10 Hz.

The ground-based measurements yielded the detection of discrete narrow-band
spectra of ULF magnetic field oscillations during seismic enhancements, volcanic
eruptions, and space shuttle launches and landing [187]. It was found that
the spectrum maxima in these oscillations are located at separate frequencies of
~2,6, 11, and 17 Hz. An attempt to explain such discrete structure in terms of
gyrotropic waves was undertaken by Sorokin and Hayakawa [188] who have
analyzed the generation and propagation of GW in the conducting layer of a finite
thickness in the lower ionosphere in the presence of conductivity inhomogeneities.
Discrete spectrum containing several lines was obtained; the position of lines
depended on the thickness of the layer with Hall conductivity. The width of those
spectral lines was defined by width of a spatial spectrum of ionosphere irregularities
and the ratio between Pedersen and Hall conductivities. The attenuation was
determined by Pedersen conductivity and a number of frequency lines depended
on the dimension of source region. For instance, if conductivity irregularities with a
size of ~80 km in horizontal direction are distributed within the ionospheric region
over seismic area, then the spectrum of excited pulsations consists of six spectral
lines in the frequency range 1-30 Hz. Amplitude of magnetic oscillations is defined
by the intensity of ionosphere irregularities, their spatial structure, and by the wave
attenuation.

Irregularities of the ionosphere conductivity can influence on the propagation of
ULF waves excited in the magnetosphere through the ionosphere. In ref. [189],
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Sorokin et al. have shown that such irregularities could produce the screening effect
on the geomagnetic pulsations penetrating through the ionosphere and decrease the
amplitude of the oscillations observed on the Earth’s surface. This effect should
take place during night time and be more significant for higher frequencies [189].

3.4.4 Perturbation of the lonosphere

The heat flux emitted by a thin conducting layer of the ionosphere in the horizontal
electric field is N(10*4 ~ 1073) W/m?. One of the main sources of the ionosphere
heating is short-wave solar radiation (A < 102.6nm). The supply of heat caused by
the absorption of this radiation at altitudes above 100 km is approximately several,
10’3W/m2. Depending on the solar cycle, it changes several times in either
direction. An estimate made in ref. [190] shows that the Joule heat of ionospheric
currents over the earthquake preparation region constitutes a substantial fraction of
the total heat balance of the ionosphere. Evidently this source of heat has determin-
ing action on the state of the ionosphere. Heating the ionosphere by currents
increases the scale of altitude distribution of ionospheric components and, there-
fore, the altitude profile of F2 layer. Apart from the other possible mechanisms, this
heating mechanism should contribute to the observed ionosphere response on the
earthquake preparation processes [190]. The ionosphere is isothermal at altitudes
exceeding 200 km, and there is a positive temperature gradient over the altitude
range 100-200 km. Owing to heat conductivity, the presence of the temperature
gradient generates a heat flux directed downward. The Joule heat source is localized
in the lower ionosphere at 120-150 km. The upper ionosphere heating can then
occur only if gases move in the vertical direction. Changes in the altitude distribu-
tion of ionization in the ionosphere at a given spatial inhomogeneity of the electric
field on the ground were considered in ref. [191]. They assumed that the ionosphere
modification was caused by plasma drift.

An increase of the electric field and current in the lower ionosphere over a
seismic region leads to additional release of Joule heat that produces additional
vertical flux of neutral particles and changes the ionosphere temperature [190].
Such mechanism of effecting the formation of F2 layer is realized through colli-
sions between ions and neutral particles and an increase in the vertical scale of their
altitude distribution. The modelling of seismic-related modification of the iono-
sphere F region performed by Sorokin and Chmyrev [190] with use of some
simplifying assumptions [192] showed that heat release in the lower ionosphere
increases the height of F layer maximum and decreases the concentration of
electrons at this height. The altitude profiles of ion densities are also modified
towards the increase in density above F layer maximum.

Along with the rearrangement of the altitude profile of plasma density in the
upper ionosphere above a seismically active region, the formation of sporadic
layers in the lower ionosphere has been observed [193, 194]. The critical frequency
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of the sporadic E layer, fyE;, reached 8 ~ 9 MHz in daytime. This value corre-
sponds to a number density of electrons ~10® cm~3. High-altitude rocket measure-
ments in the medium-latitude ionosphere showed that electron number density
in the sporadic layer was 2 x 10° cm™3, and the electric field in this layer reached
10 mV/m [195]. A model of the formation of an anomalous sporadic E layer based
on the effect of atmospheric electric current flowing into the ionosphere was
considered in ref. [196]. This current initiates the occurrence of a longitudinal
current, which flows from the ionosphere into the magnetosphere, and transverse
closure current, which flows in the conducting ionosphere layer. The atmospheric
current transfers ions into the ionosphere, and the longitudinal current, which
balances electric charge, transfers electrons into the ionosphere. As a result, plasma
density in the lower ionosphere increases [196]. The presence of metal ions in the
lower ionosphere causes the appearance of a thin (~3 km) layer of enhanced
electron concentration when electric current flows into the ionosphere. This layer
could be recorded as a sporadic E layer.

3.4.5 Electrodynamic Model of the Atmosphere
and the Ionosphere Coupling

According to the electrodynamic model [21], an enhancement of a DC electric
field in the ionosphere can be caused by an increase in conductivity of the lower
atmosphere due to the intense outbursts of radioactive substance from a seismic
source at the preparatory stage of earthquake. Such outbursts were repeatedly
observed several days or weeks before earthquake. The time dependence of radon
concentration in soil gases and in natural water was investigated by Virk and
Singh [25]. An intense radon burst was registered approximately a week before
the earthquake. The concentration of radon then increased by factors of 2.5 and
above 1.5 in gases and water, respectively. Measurements were taken at a distance
of 300 km from the epicenter. According to ref. [26], the concentration of radon
increased approximately fourfold 5 days prior to an earthquake. The statistical
analysis of the data obtained during 3 years of observations for about 300 micro
earthquakes (M < 4) in south-east Germany shows that 75% of the earthquakes
were preceded by a substantial increase in the concentration of radon. It can be
suggested that, simultaneously with radon, other radioactive elements are injected
into the atmosphere. In addition, such injections should not necessarily be related
to radon. The seismic-related increase in the concentration of soil aerosols
containing metal ions in the atmosphere was reported in several papers (e.g., see
[23, 43].

According to the considered model [21] these injection processes are responsible
for the formation of external currents and enhancement of electrical conductivity in
the lower atmosphere that causes an increase in the electric field in the ionosphere,
as it is shown in Fig. 3.4.
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Such approach finds support in the data obtained in [197] after the Chernobyl
accident. It was found that intense injections of radioactive substances into the
atmosphere were accompanied by changes in the phase and amplitude of VLF
signals along the propagation path crossing the accident area. The VLF signal
alternations were connected with the localized lower ionosphere perturbation,
which could be caused by the electric field growth in this region [198].

According to modeling [21], changes in the electrophysical parameters of the
lower atmosphere lead to amplification of the electric field in the ionosphere and
stimulate several effects observed experimentally. As an example, we can mention
the satellite observations reported in refs. [32, 40]. The data on ULF magnetic field
oscillations over the frequency range (1-8) Hz and on the vertical DC electric field
component obtained onboard the “Intercosmos-Bulgaria 1300 satellite 15 min
before the earthquake of 01.12.1982 were discussed in ref. [40]. An increase in
the electric field ~ (3—7) mV/m and the appearance of ULF magnetic field oscilla-
tions with an amplitude of 3 nT were observed in two regions: above the epicenter
and in the magnetically conjugated zone. COSMOS-1809 satellite measurements
over Spitak earthquake region showed that intense ELF radiation was generated
over the longitude range <6° and latitude range 2~4° about the epicenter [32]. The
intensity of radiation was about 10 pT at the frequencies ~140 Hz (in the band
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Fig. 3.4 Scheme of the model used for calculations of electric field in the atmosphere—ionosphere
circuit. 1 — Earth’s surface, 2 — ionosphere, 3 — conducting current in the atmosphere and
the ionosphere, 4 — field aligned current, 5 — zone of upward convection of charged aerosols
and external electric current formation, 6 — zone of perturbation of atmospheric conductivity
induced by radioactive elements emanation, 7 — charged aerosols moving upward with soil gases,
8 — radioactive elements emanation
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~25 Hz) and about 3 pT at 450 Hz(in the band ~75 Hz). In the same region, small-
scale (4—10 km along the orbit) plasma density inhomogeneities with the relative
amplitude (3~7)% were observed. An existence of plasma density perturbations
above seismically active regions was confirmed in ref. [45].

As discussed, an increase in the ionosphere electric field above the earthquake
preparation region results in the instability of acoustic-gravity waves [172, 173].
The development of this instability is accompanied by the generation of horizontal
inhomogeneities in the ionosphere conductivity, whose interaction with the electric
field in the ionosphere works as a source for the radiation of guided Alfven waves
into the magnetosphere. These waves form the field-aligned electric currents and
plasma layers extended along the geomagnetic field. The transverse spatial size of
these layers coincides with the scale of the horizontal spatial structure of conduc-
tivity. Let us consider numerical estimates. At an altitude of ~1,000 km, the
summed frequency of ion collisions with ions and molecules is v; ~ 0.5 s~
[199], and the gyrofrequency of ions is ®; ~ 30 s~ '. For the velocity of sound
a=23 x10°m /c, perturbed electric field value E ~ 9mV /m, refractive index n ~
(1 ~10and g =2 x 107%s~!, we obtain:

| = majwgn(w,) ~ (4 ~ 40) km;  AN/N ~ (1.6 ~ 16)%.

When a satellite moving at the velocity vs = 8 km/s crosses plasma inhomo-
geneities of horizontal scale / =~ (4 ~ 40) km, plasma density fluctuations with the
period At = Ifvy = ma/vs won(wy) = (0.4 ~ 4) s should be observed. Since these
inhomogeneities are formed by field-aligned currents, geomagnetic oscillations
with the same period should be recorded when satellite crosses these currents.
Their amplitude is found to be b ~5 nT. This estimate is in agreement with the
satellite measurements. A scheme of such measurements is illustrated by Fig. 3.5.

Geomagnetic oscillations observed on the Earth’s surface before earthquakes are
interpreted in frame of the discussed model [21] in terms of gyrotropic waves
(GW). These waves are connected with polarization currents associated with the
horizontal inhomogeneities of conductivity and their interaction with the back-
ground electric field.

This interaction generates GW, which propagate in the horizontal direction and
form geomagnetic oscillations in ULF range on the Earth’s surface [182, 183]. The
normalized spectrum of geomagnetic oscillations has the intensity maximum
~40% of the unperturbed (background) value and lies in ULF range. The spectral
maximum frequency decreases as the horizontal scale of inhomogeneities increase.
The amplitude of perturbation decreases with a distance from epicenter due to
attenuation of gyrotropic waves.

According to a mechanism of electromagnetic ELF precursors to earthquakes [36],
the enhanced ELF emission in the upper ionosphere arises when pulsed electromag-
netic radiation from lightning discharges propagating in the Earth—ionosphere
waveguide is scattered by lower ionosphere conductivity inhomogeneities over
earthquake region. Intensities of lightning-induced whistler mode waves in the
upper ionosphere vary substantially depending on lightning activity. The modeling
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Fig. 3.5 Scheme of satellite observations of (a) ultralow-frequency geomagnetic field oscillations
and (b) plasma density inhomogeneities. 1 — Horizontal ionosphere conductivity inhomogeneities,
2 —plasma density inhomogeneities stretched along the geomagnetic field, 3 —field aligned electric
currents, and 4 — satellite

yields the maximum of magnetic field amplitude of ELF emission borne in
this scattering process of the order of b ~ (1 ~ 2) pT over the frequency range
(200 ~ 500) Hz. These characteristics are in agreement with the experimental data [31,
32,200].

The estimates of the characteristic transverse size (~10 km) and the magnitude
of plasma layer density inhomogeneities obtained earlier have allowed to suppose
that small-scale plasma structures excited this way could play a role of ducts or
waveguides that canalized whistler mode waves along the geomagnetic field [201].
An appearance of such structures in the ionosphere above the epicenter region could
increase the probability of the emergence of magnetospheric whistlers into the
Earth—ionosphere waveguide and change the dispersion characteristics of signals
recorded on the Earth’s surface. An influence of seismic activity on the parameters
of magnetospheric whistlers was reported in ref. [202]. The statistical analysis
carried out demonstrated the unusual changes in mid-latitude whistler character-
istics, such as an increase in the dispersion and the occurrence rate, associated with
enhancement of seismic activity. Hayakawa et al. [202] discussed the possible
mechanisms of such influence. In particular, they considered the seismic effect on
the wave trapping in duct (or excitation of duct) at its entrance and the enhanced
occurrence of ducts in the ionosphere disturbed by the acoustic or internal gravity
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waves generated by earthquakes. This idea was experimentally confirmed by
satellite observations of small-scale plasma density irregularities and correlated
ELF emissions over the seismic zone [32].

At the preparatory stage of earthquake, large-scale changes in the ionosphere
parameters were observed several days before the main seismic shock using the
topside ionosphere sounding from the INTERCOSMOS-19 satellite [43]. It was
shown that the altitude of F2 layer maximum increased from approximately 280 to
360 km, and the maximum electron density decreased from 3 x 10° to 103 cm ™3
1 day before the earthquake.

It was shown in Section 3.4.4 that an enhancement of the electric field and
related release of Joule heat in the lower ionosphere increased the temperature and
the upward mass flux in the upper ionosphere. This modifies the diffusion process
that forms ionospheric F layer and changes its characteristics [190]. Let us estimate
the energy flux and the temperature variation in the ionosphere caused by electric
field enhancement. Assuming that the heat flux produced by solar radiation is
go=107W / m?, and the integral Pedersen conductivity and the ionosphere elec-
tric field value to be equal to Xp ~ 10 Q! and Ey =~ 3mV /m, respectively, we
obtain the heat flux ¢ = 1073W / m?. Such a flux will heat the ionosphere up to the
temperature T ~ 1,400 K. If above the region of preparing earthquake the electric
field was increased by the quantity ~6 mV/m, as observed in ref. [40], it results in
the thermal flux g =2 x 1073W / m?and in the ionosphere temperature growth up
to T~ 2,100 K. This in turn leads to an elevation of the F-layer and a decrease of the
maximum electron and ion densities in the layer [190] as it was observed from the
INTERCOSMOS-19 satellite [43].

The other observable characteristics of the seismic-related ionosphere distur-
bances are ion composition and the density of the light ions. It was shown that in a
near-earthquake zone during the earthquake preparation processes the H" and He*
ion densities in the ionosphere increased by about a factor of 3 [44]. The modeling
[190] has shown that the relative increase of the ion density (including the light
ions) at altitudes 700-1,000 km could be six- to eightfold at the electric field
enhancement in the ionosphere by the quantity ~6 mV/m.

In conclusion, we note that the electrodynamic model of the atmosphere and the
ionosphere coupling [21] is applicable to the interpretation of some effects pro-
duced in the ionosphere by tropical storms and typhoons [29, 30, 203, 204].

3.5 Conclusions

Experimental studies and theoretical modeling show that the ionosphere is influ-
enced by many processes, which are developed on the ground, in the lower atmo-
sphere and in the stratosphere. This influence provides the ionosphere response to
such phenomena as earthquakes, volcano eruptions, typhoons, some types of techno-
genic disasters, etc. The mechanisms of influencing include a set of rather compli-
cated chemical, electrophysical, hydrodynamic and electromagnetic processes in the
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atmosphere that accompany the development of these phenomena. The most com-
prehensive model of the atmosphere and the ionosphere coupling [21], which is
presented above describes the complete causal-sequence chain of seismic-induced
processes beginning from modification of the lower atmosphere state to excitation of
the plasma density variations, the geomagnetic field-aligned currents and ULF/ELF
emissions in the ionosphere, an elevation of the F-layer maximum, a decrease of
electron density in the maximum of this layer, and a growth of light ion density in the
upper ionosphere. The lower atmosphere modification is produced by the injection
and turbulent transfer of charged aerosols and radioactive substances, which lead to
the formation of external electric current in the atmosphere, changes in the Earth—
ionosphere electric circuit, an enhancement of DC electric field in the lower iono-
sphere, and related development of acoustic-gravity wave instability responsible for
generation of the plasma density and electric conductivity inhomogeneities. The
scattering of electromagnetic radiation from lightning by these inhomogeneities
produces additional ELF wave flux observed over an earthquake area in the upper
ionosphere together with plasma density irregularities.

Two other noticeable effects of the lower ionosphere modification by DC
electric field enhancement are the amplitude and phase perturbations of subiono-
spheric VLF signals and the generation of narrow band gyrotropic waves that can be
observed on the Earth surface as ULF geomagnetic oscillations.

An intensified inflow of atmospheric conductivity current into the ionosphere
changes the plasma density distribution in the lower ionosphere and causes the
formation of an anomalous sporadic E-layer.

Let us note that the considered model is applicable to interpretation of some
effects produced on the ionosphere by intense atmospheric disturbances connected
with tropical storms, typhoons, etc.

In spite of definite progress in experimental studies of man-made and natural
effects on the ionosphere, there is significant gap in the understanding of an
origin and interconnection of many processes involved in the lithosphere—
atmosphere—ionosphere coupling. The way of filing this gap is the development
and implementation of long-term international research program based on coordi-
nated observations from the ground networks, aviation, and satellite platforms of all
the processes occurred in different layers of near-Earth space in association
with catastrophic natural phenomena such as earthquakes, volcano eruptions,
typhoons, etc.
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