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A short review is given of the contemporary concepts and controversies concerning the electromagnetic effects
observed in space which are considered to be the results of energy transport from surface and/or lower atmosphere.
A concept of a parametric amplifier in the stratosphere-mesosphere was recently suggested by the authors (1996)
from the reanalysis of the experimental results from the AUREOL-3 satellite during active experiments MASSA
with ground chemical explosions. Electric discharges in the stratosphere-mesosphere medium were suggested as a
mechanism for this parametric amplifier. Such discharges, or localized electric current bursts in the Alfven wave
frequency scale (∼0.1–1 s−1), could also play a role as a mechanism of effective energy transport from the surface
to space layers. Among the possible EQ precursor effects, some can be related to local atmospheric electricity
variations such as emanations of gas and/or aerosols, conductivity changes in the lower atmosphere, or non-linear
combinations of acoustic waves with a meteor ionization channel. Thus a multidisciplinary search of EQ precursors,
especially with regard to atmospheric electricity variations, lightning-type, or slower discharges related to meteor
ionization, seems to be among the ways to deepen the understanding of the complicated relations between different
layers of atmosphere and magnetosphere.

1. Introduction
A paradoxical situation has developed in the search, and

studies, of the electromagnetic (EM) and ionospheric pre-
cursors of strong earthquakes (EQ). From one side some
weak but measurable EM signals were noted on several satel-
lites when looking at the times of the satellite’s passage
near future epicentral zones by Gokhberg et al. (1982, 1983)
and Larkina et al. (1983). The analysis of a large body of
ELF/VLF data from the INTERKOSMOS-19 by Larkina et
al. (1989), INTERKOSMOS-24 byMolchanov et al. (1993),
andAUREOL-3 byParrot (1994), have indicated some statis-
tically significant positive correlations with the EQ. The re-
spective signals were measured by narrow (10%) filters, and
are comparable in intensity with other natural ELF/VLF sig-
nals (see, reviews by Molchanov (1993), and by Hayakawa
(1997)). But, no EQ-related effects were seen in the ISIS
wide band data (and respectively, at lower sensitivity) ac-
cording to Roger et al. (1996). A search of such effects in
the DE-2 data by comparing the ELF/VLF intensities on the
closest to epicenter and a neighbor pass by Henderson et al.
(1993) did not reveal significant differences and thus was
interpreted as a negative result. However, according to the
above mentioned results with positive correlations, the lon-
gitudinal extent of the zone with enhanced ELF/VLF inten-
sities includes several passes. Thus methodical differences
between the instruments and antennas on the satellites, data
selection and treatment procedures (different wave compo-
nents, sensitivity, frequency bandwidth, etc.) could be im-
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portant in this controversy, but were not checked properly.
Still it can be stated that up till now there are no confirma-
tions/identifications of the ELF/VLF signal signatures mea-
sured by other satellites which are definitely related to EQ
electromagnetic precursors.
Energetic particle precipitation intensities were also found

to have statistically significant increases in such regions
(Galper et al., 1989; Galperin et al., 1992; Ginzburg et al.,
1994). It could be supposed that some unidentified wave-
particle interactions with enhanced ELF/VLF noises were
responsible for the scattering and precipitation of high en-
ergy trapped electrons on these low L-shells. Besides that,
EQ-precursor-related effects were claimed to be observed
in ionospheric variations (Fatkullin et al., 1989) and in air-
glowvariations (Fishkova et al., 1985). These latter, non-EM
observations apparently were not challenged by other mea-
surements.
The obvious conclusion from these results seems to be that

the respective EM signals are either too weak, or short-lived
(or both) to be reliably detected from a fast moving near-
Earth satellite with the sensitivity, orbits and data treatment
procedures used (see, Johnston, 1997). It does not exclude
possible existence of such signals by principle, but indicates
the inadequacy of the measurement techniques applied to de-
lineate them with a reliable accuracy and repeatability. And
evidently, the main problems remain on the exact physical
nature of the effects registered, i.e. on the reality of their cor-
respondence to the incipient EQ, and, if positive, on the way
of energy transport from the epicentral zone to space. These
problems are under investigation by several groups, and un-
doubtedly their results will contribute to the understanding
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of physical processes in the atmosphere, low-latitude iono-
sphere and magnetosphere (Molchanov et al., 1995).
From another side, a purely agnostic paper on the subject

of the EQ prognosis has recently appeared in “Science” by
Geller et al. (1997), with a bold title “Earthquakes cannot be
predicted”. The authors’ view expressed in the title is based
on their definitionof the “earthquakeprediction” as giving the
exact time, place and intensity of the incipient EQ. While
to fit such stringent requirements seems indeed unfeasible
nowadays, an analysis and search seem really necessary and
feasible for various physical effects which accompany the
stress build up, and can propagate in one or another form to
the Earth’s surface, or to space, and thus could serve as the
EQ precursors. Indeed, for a physicist, it would seem rather
improbable that a great accumulation of stress energy, lasting
sometimes decades and decades for a large EQ, proceeds
without any leakage of energy in any form, i.e. constitutes an
ideal lossless accumulator of growing energy. It is evident
that search of potential precursors must not be limited to
one or another direction, but needs to be as widespread and
multidisciplinary as possible (see, Rikitake, 1988).
One of examples of newapproaches to describe the physics

of the preshock phenomenawas recently presented byGufeld
et al. (1998). It is based on a quite reasonable supposition of
the hydrogen and helium diffusion from internal regions of
the fault zone. While the diffusion from deep layers is rather
slow, many but not reliable indications of the gas appearance
before EQ exist in literature, they include hydrogen, helium,
methane, radon (King, 1986). The point made by Gufeld et
al. (1998) is that absorption of these gases in crystals com-
posing rocks can impose their restructuring (well known in
solid-state physics), which can lead to local changes of me-
chanical properties of the medium along a fault, and ulti-
mately to the stress failure and shock.
It is also conceivable that due to the induced crystal re-

structuring processes the average conductivity of themedium
along the fault will be changed, so that remote conductivity
change diagnostics from the surface will be possible, at least
for shallow epicentral zones. It can be noted that the fitting
of a model where a body of enhanced conductivity along the
fault was supposed by Merzer (1992) allowed to reproduce
the wide spectrum and intensity of the ULF noise enhance-
ments registered before the Loma Prieta EQ (Fraser-Smith
et al., 1990). Similar ULF noise enhancements were found
also for the Spitak, 1991 EQ (Molchanov et al., 1992) and
Guam, 1993 EQ (Hayakawa et al., 1996), but were not found
in some other EQs (Fraser-Smith et al., 1994).
A line of research which could be related to the pre-EQ

gas emanations is to study a possible role of an enhancement
of atmospheric aerosols, injections of which are sometimes
believed to be also related to changes in the environment
above the incipient EQ (Pulinets, 1998). While the mea-
surements are scarce and not quite convincing, local changes
in atmospheric electricity due to aerosols are conceivable.
Also, a transport of charged aerosols upward in the atmo-
sphere can be accelerated by atmospheric electric field, at
least in fair weather conditions, so they can contribute to
the propagation of a disturbance from the ground level to
stratosphere-mesosphere.
An interesting prediction method was suggested by Gorny

et al. (1988). It includes geographical identifications and lo-
cal development of the temperature (or intensity) changes
within the 15μ band of CO2 as observed remotely from
weather satellites. This approach is currently used for a reg-
ular EQ prediction in the northern China and the reported
results are exciting according to Qiang Zuji (1991). In fact,
the observed intensity changes could be also related to the
gas emanations from the fault zones, not necessarily to the
surface temperature, but this point could be checked experi-
mentally.
A very promising approach, a modified form of the VLF

phase difference method proposed earlier by Gokhberg et al.
(1989), is now being developed by Hayakawa, Molchanov
and their colleagues (Molchanov et al., 1998). It consists
of measuring the deviations of the diurnal VLF phase curve
from the predictable form during morning and evening twi-
light at the D-region. It allows for remote observations above
an extended area when several transmitters and receivers are
used, and has already demonstrated very positive results.
Another potentially very important approach suggested

some time ago by Hayakawa et al. (1993), is low-frequency
direction-finding experiments to locate the sources of elec-
tromagnetic emissions which could be related to incipient
earthquakes. Recently a realisation of these ideas has brought
the first very promising results (see, Fujinawa et al., 1997).
These experiment demonstrated the appearance and motions
of sources of impulsive VLF emissions above the incipient
epicenters and hundreds of km around. While the precision
of the altitude determinations in these first experiments is to
be improved, nevertheless they indicate that the VLF source
locations can be in the troposphere and/or mesosphere above
a broad region near the incipient epicenter for a large EQ.
Evidently, this is also a promising direction of experimental
research in the subject.
Thus it seems for us that if unreasonably stringent require-

ments are not put forward, and the analysis is directed to
physical and chemical processes potentially related to the
development of internal stresses which ultimately may lead
to EQ, a fruitful multidirectional area of research for poten-
tial EQ precursors exists and is expanding. As the physical
conditions and characteristics of particular “precursors”will
be identified and understood on physical grounds, their prac-
tical validity and usefulness for a prediction, as well as their
possible precision and error probability, will be evaluated.
But the view expressed by Geller et al. (1997) on the princi-
pal non-solubility, or non-feasibility of the problem, seems
to us as rather “extreme” and ungrounded.

2. EQ Precursors Observed in Space: Reality or
Myth?

Among several EQ precursor effects claimed to be ob-
served in space there are ELF/VLF noises, energetic particle
precipitations, large-scale ionospheric density variations and
airglow variations. To be real, a way (or ways) for the energy
transport is to be found from the incipient EQ epicenter (un-
derground) to ionospheric altitudes. This energy transport
must be such that it is not easily distinguishable from the
surface, otherwise it would be found long ago and used for
prediction purposes.
An evaluation of the energy required for the ionospheric
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and airglow modifications observed and claimed to be EQ-
related was made in Galperin et al. (1992). It was shown that
the amplitude of surface oscillations, needed to excite a suit-
able acoustic energy flux, sufficient to excite variations in the
thermosphere leading to disturbances in ionosphere and air-
glow, must have amplitudes of order of 1mm—a value orders
of magnitude higher than the sensitivity threshold of contem-
porary measurement techniques. Thus the purely acoustic
way of the energy transport from the surface to ionospheric
altitudes sufficient to produce all the claimed precursory ef-
fects, is thus rejected.
For the electromagnetic way of energy transport directly

from the epicenter zone to the ionosphere, extensive calcu-
lations were made in Molchanov et al. (1995). It was shown
that the maximal feasible intensities of electromagnetic sig-
nals excited within the epicenter zone are at least an order of
magnitude lower than were observed from satellites. Thus
thiswayof the energy transport to ionosphere/magnetosphere
is also rejected.
What other ways are possible? Or, if no other ways are

found, are the space effects claimed to be EQ-related are in
fact just random coincidences, i.e. is it a myth in connection
to the EQ-precursor research?

3. Active Experiments—A “Natural”Modeling of
Energy Transport from Surface to Space

A surface disturbance in the form of an acoustic shock pro-
duced by a chemical explosion, could serve to make a “nat-
ural” model to study a response of the ionosphere/magnet-
osphere system. To this end, a series of active multidisci-
plinary experiments was performed in 1981–1983 under the
nameMASSA (Gokhberg, 1983). The coordinatedmeasure-
ments in space were performedwith the AUREOL-3 satellite
(see, Galperin et al., 1985a,b; Galperin and Hayakawa, 1996
and references therein).
In this series of active experiments several surface explo-

sions were used in the range of a fraction of a kiloton to sev-
eral kilotons TNT, which were coordinated with the passes
of the AUREOL-3 satellite in the near vicinity of the Explo-
sion Flux Tube (EFT). The EFT was defined as the magnetic
flux tube with its base centered on the point at 100 km alti-
tude vertically above the explosion point on the ground. The
target parameter (the minimal distance between the satellite
trajectory and the EFT axis) ranged from less than 50 km to
more than 200 km, and the time of the satellite closest ap-
proach to the EFT axis ranged from∼220 s to 20 min, and in
one case even by nearly 4 hours due to a programming error.
All the experiments according to Galperin et al. (1985a,b)

have consistently shown rather strong effects within the EFT
in the form of wideband noises extended from ELF to VLF
range in the altitude range from the perigee to apogee of
the AUREOL-3 (400–2000 km). The diameter of the noise
zone around the EFT expanded with time with about the
sound speed in the thermosphere (∼600 m/s) up to at least
1000 km distance. These enhanced noises were detectable
even nearly 4 hours after one of the explosions. The general
characteristics of these noises were rather similar to those
claimed to be EQ-related. For the two experiments where the
target parameter was ≤50 km, another feature—an intense
Alfvenwavewith amplitude 119 nT (MASSA-1) and∼50 nT

(MASSA-3) was observed at L ≈ 1.3 (while the EFT had
occurred at L ≈ 1.5).
In short, the reanalysis of the results of these active exper-

iments made by Galperin and Hayakawa (1996) have led to
the following unexpected conclusions:
1) The effects observed in the upper ionosphere have

started rather early, when the acoustic shock wave was not
higher than 70 km. This means that the main effects were not
related to the dynamo action of an acoustic wave, as below
70 km both ions and electrons are not magnetized.
2) The energyfluxof theAlfvenwave (registered fully, i.e.

all 6 components of the Poynting vector, only in MASSA-1,
and with only 5 components in the MASSA-3) was at least
two orders of magnitude higher than that which could be
expected from an analysis of the acoustic wave entrance into
the lower ionosphere according to calculations in Danilov
and Dovzhenko (1987) and Surkov (1992).
3) All themeasured characteristics of theAlfvenwave and

its shock front as registered in MASSA-1, could be reason-
ably accounted for by a contemporary theoretical analysis,
except its excitation mechanism leading to the observed ex-
ceptionally high amplitude. Also, these noises can persist
in the mid-latitude upper ionosphere, in the form of weak
electrostatic noises, for a very long time, at least for several
hours. It may be added that recent analysis of these data by
Pokhotelov et al. (1994) indicates that ion-cyclotron instabil-
ity can also play a role in the Alfven shock front in addition
to (or instead of) the ion-acoustic one considered in earlier
papers on the subject.
It was concluded by Galperin and Hayakawa (1996) from

these reanalyses of the MASSA experiments with the
AUREOL-3 satellite that there exists some very efficient
mechanism of the energy transport from surface to space,
a kind of a parametric amplifier in the atmosphere. This
mechanism can transport, and probably amplify, the distur-
bance energy in such away that it excites theELF/VLFnoises
in the upper ionosphere/magnetosphere along the EFT. The
noise characteristics observed are rather similar to those ob-
served earlier in space on this and other satellites which were
claimed to be EQ-precursor related.
Thus the MASSA experiments, while originally directed

to check the validity of the acoustic dynamo-action approach
in the EQ-precursor problem, in fact have revealed the exis-
tence of another, still unidentified but powerfulmechanismof
the energy transport from the surface to space. This mech-
anism by its energetics is potentially capable to excite the
observed space effects of the types that were claimed to be
EQ-precursor related.

4. Speculations about the Role of Atmospheric
Electricity in a Parametric Amplifier in the
Stratosphere-Mesosphere

It was further suggested byGalperin andHayakawa (1996)
that the mechanism of the parametric amplifier could be
some form of a stimulated electric discharge similar to “Red
Sprites”, or “Blue Jets” sometimes observed during strong
lightnings. These troposphere-stratosphere-mesosphere-
lower ionosphere discharges are widely discussed now in the
literature (see Sentman and Wescott (1993) and Winckler
(1995), for reviews of optical observations, and Dowden
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(1996), Dowden et al. (1996), and Inan et al. (1996) for
a discussion of the related VLF perturbations and their inter-
pretation).
Some new approaches to theoretically describe the at-

mospheric chemistry and ionization changes in the pres-
ence of electric discharges and non-linear acoustic waves
were introduced by Martysh and Sidorenko (1997) (see also,
Devyaterikov et al., 1984). To our opinion, these calculations
open a possibility of a non-linear evolution of an enhance-
ment of electron density at the ascending front of an acoustic
wave in real variable conditions in the mesosphere which
could lead to observable consequences, in particular, in local
atmospheric electricity conditions.
Atmospheric electricity changes are often claimed to

be among the precursor phenomena (see, for example,
Finkelstein andPowell, 1970; Finkelstein et al., 1973; Pierce,
1976). It is known that effects of an electric discharge
from electrified thundercloud, or surface, to the ionosphere
and magnetosphere can be very significant (see, Farrell et
al., 1994; Rowland et al., 1995; Sukhorukov et al., 1996;
Roussel-Dupre et al., 1994). They can include so called
Trimpi effects with generation of powerful whistler waves
and resulting enhancement of particle precipitation. Energet-
ically they are capable to induce air pressure impulses with
resulting neutral air motions and airglow variations, iono-
spheric disturbances and electromagnetic emissions, i.e. all
the effects claimed to be EQ-precursors in space. However,
to our knowledge, up till nownodirect physical links between
atmospheric electricity variations and EQ precursor effects
were formulated in a model suitable for an experimental test.
Recently it was directly observed from space by Burke et

al. (1992), that a strong lightning discharge below a satel-
lite excited a local field-aligned current, and thus an Alfven
wave. Thus an effectivity of a lightning discharge to ex-
cite Alfven waves in the magnetosphere originally predicted
by Greifinger and Greifinger (1976) was directly demon-
strated. This observation corroborates with the conclusions
in Galperin and Hayakawa (1996) on the possible way of the
effective energy transport from lower atmosphere to iono-
sphere/magnetosphere. To be real, a mechanism needs to be
found to produce a local increase of the atmospheric electric
field up to the breakdown values (i.e. by orders of magni-
tude). Evidently, these considerations remain only quali-
tative at this stage, but could be of interest in a search of
possible EQ-precursor-related processes.
At the same time, the first results by Fujinawa et al. (1997)

on the observations of impulsive VLF bursts above an incip-
ient EQ, if confirmed by further measurements, give some
support to the main suppositions in Galperin et al. (1985a)
concerning the existence of a parametric amplifier in the at-
mosphere, its location in the stratosphere-mesosphere, and its
possible electric discharge nature. Evidently a further search
would be interesting, both experimental and theoretical, for
localized bursts of currents in the middle atmosphere which
are distinct from that caused by thundercloud discharges.
There is some evidence that a kind of “slow discharges”

apparently is possible. If real, they are not easily measurable
without special equipment, when arise in the stratosphere-
mesosphere altitudes, and thus may go unnoticed in many
areas. A scenario suggested here is a moderately strong

ascending acoustic wave front in the mesosphere which is
pierced by a meteor ionization channel. This can produce
a localized current (a “slow discharge”) in the Alfven wave
frequency range (∼0.1–1 s−1) between the enhanced electron
density at the acoustic wave front, and ionosphere leading to
an Alfven wave excitation.
Let us evaluate this possibility to an order of magnitude.

Consider the ascending acoustic front in the mesosphere,
say, at 60 km altitude after the MASSA-1 explosion. Elec-
tron density in the sunlit D-region at this altitude amounts
to 100 el.c−3, and somewhat increases within the acoustic
wave front (Inan et al., 1996). If a meteor pierced the upper
mesosphere at this time near the front center, an ionised con-
ductive column is created between the E-region ionosphere
and the acoustic wave front. If there exists a potential differ-
ence between the two, a short-term magnetic variation will
arise, say, during 0.3 s—the time of meteor crossing of atmo-
spheric scale height. At a distance 100 m from the ionised
column axis magnetic variation of 120 nT (observed ampli-
tude in MASSA-1) needs a current of ∼60 A which during
0.3 s carries the charge Q = 18 Coulombs. Such a quantity
of electrons N ≈ Q · 6 · 1018 ≈ 1 · 1020 el. is contained in
a volume of acoustic front of 1 km thickness in the circular
area of radius ∼30 km. The electron conductivity within the
acoustic front is enhanced both due to thermal ionisation of
cluster ions (Inan et al., 1996) and also due to the increased
temperature.
Thus a “slow discharge” to ionosphere capable to ex-

cite a kinetic Alfven wave of the observed large amplitude
seems feasible, but needs special conditions—a meteor just
in time. It may be noted that the day of the MASSA-1 exper-
iment, November 28, 1981, took place not too far from the
maximum, on November 30, of the daytime meteor shower
Andromedids (presumably originated from the Biela comet),
and at a morning local time when the relative average veloc-
ity of meteors is at a maximum due to the Earth’s orbital
motion.
It remains to be seen whether this mechanism can play

a role in producing the Alfven waves observed in MASSA
experiments and/or those claimed to be EQ precursors in the
magnetosphere.
A detailed study of these energy transport processes from

surface and lower atmosphere to space through the strato-
sphere-mesosphere regions (still often called “ignorosphere”
due to their complexity) seems to be one of the ways to
uncover various physical links between different layers of
the atmosphere and magnetosphere.
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