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Abstract: The space physicists and the earthquake (EQ) prediction community exploit the same
instruments — magnetometers, but for different tasks: space physicists try to comprehend the global
electrodynamics of near-Earth space on various time scales, whereas the seismic community develops
electromagnetic methods of short-term EQ prediction. The lack of deep collaboration between
those communities may result sometimes in erroneous conclusions. In this critical review, we
demonstrate some incorrect results caused by a neglect of specifics of geomagnetic field evolution
during space weather activation. The considered examples comprise: Magnetic storms as a trigger of
EQs; ULF waves as a global EQ precursor; Geomagnetic impulses before seismic shocks; Long-period
geomagnetic disturbances generated by strong EQs; Discrimination of underground ULF sources by
amplitude-phase gradients; Depression of ULF power as a short-term EQ precursor; and Detection
of seimogenic emissions by satellites. To verify the reliability of the above widely disseminated
results data from available arrays of fluxgate and search-coil magnetometers have been re-analyzed.
In all considered events, the “anomalous” geomagnetic field behavior can be explained by global
geomagnetic activity, and it is apparently not associated with seismic activity. This critical review
does not claim that ULF electromagnetic field cannot be used as a sensitive indicator of the EQ
preparation processes, but we suggest that both communities must cooperate their studies more
tightly using data exchange, combined usage of magnetometer networks, organization of CDAW for

unique events, etc.
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1. Introduction: seismo-electromagnetic ULF phenomena

Monitoring of the near-Earth electromagnetic environment in various frequency bands
by ground and satellite sensors is the main research tool for the space physics community
and the seismic community, though it is used for different tasks. Space physicists are inter-
ested to know how electromagnetic disturbances and emissions convey information about
dynamic processes in the near-Earth plasma. The seismic community attempts to develop
the detection methods of the electromagnetic signatures of the ongoing crust destruction.
A useful signal for one community is an interference for the other, whereas industrial and
lightning sources obscure all desired signals. A zoo of natural electromagnetic emissions,
noise, impulses, and waves is enormous, so any progress in the hunt for seismic-associated
disturbances is possible only with the close collaboration of both communities. However,
such collaboration is still insufficient, and in this critical review, we demonstrate how
seemingly amazing discoveries have turned out to be errors or misinterpretations.
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A search and recognition of electromagnetic precursors of EQs remain one of the
hot topics in geophysics. The observational results indicated that it is promising to study
such phenomena in the ultra-low-frequency (ULF) range (10 mHz-10 Hz) [Petraki et al.,
2015]. The signatures of anomalous electromagnetic ULF activity near the epicenter hours —
days before EQs were reported (see numerous articles in monographs [Hayakawa, 2009,
2013; Hayakawa and Molchanov, 2002]). Several types of ULF geomagnetic anomalies were
noticed: the appearance of broadband electromagnetic noise [Molchanov et al., 1992]; a
change in the spectral composition [Hayakawa et al., 1999]; changes in the polarization
structure [Hayakawa et al., 1996]. Enhancements of broad-band electromagnetic noise
recorded during periods preceding EQ were suggested to be associated with the irregular
flow of the crust fluid [Fedorov et al., 2001; Fenoglio et al., 1995], micro-cracking of the
rock medium [Molchanov and Hayakawa, 1995], acoustic impulsive background [Surkov
and Hayakawa, 2006]. These effects were observed only for strong EQs in the immediate
vicinity (up to several hundred kilometers) from the epicenter [Hattori, 2004].

A surprisingly large number of electromagnetic phenomena can occur within a few
minutes in the temporal vicinity of a seismic shock. A seismic wave propagating from the
quake hypocenter excites a transient burst of the electromagnetic field due to induction
or electrokinetic effects [Surkov et al., 2018]. A few seconds before the arrival of a seismic
wave at the registration point, its electromagnetic “forerunner” may begin to grow, excited
by currents at the wavefront [Surkov and Pilipenko, 1997]. Such a preliminary growth of
the magnetic disturbance immediately ahead of the seismic wavefront was observed by
Iyemori et al. [Iyemori et al., 1996]. In addition, a rapid movement of crustal blocks at the
time of an EQ can cause the appearance of isolated electromagnetic pulse that are several
seconds ahead of the front of a seismic wave [Guglielmi and Levshenko, 1996]. If this pulse
is strong enough, then it will presumably cause a burst of the vertical electric field and
light flash in the near-surface atmosphere (EQ light) [Lockner et al., 1983].

Yet, the situation with ULF electromagnetic precursors remains ambiguous. The
results of disparate observations cannot be considered strictly substantiated, and some of
them are disputed [Masci and Thomas, 2015; Thomas et al., 2009a,b]. Various manifestations
of electromagnetic effects in different events, poor repeatability of the results, and the
absence of a confirmed generation mechanism raise doubts about the reliability of the
relationship between the detected geomagnetic phenomena and EQs.

In this review, we re-analyze some observational results and suggested hypotheses,
published by leading experts in top-level geophysical journals. We consider the following
specific examples: Magnetic storms as a trigger of EQs; Global ULF waves before strong EQs;
Global geomagnetic impulses preceding quakes; Long-period geomagnetic disturbances
generated by strong EQs; Discrimination of underground ULF sources by amplitude-phase
gradients; Depression of ULF power as a short-term EQ precursor, and Feasibility of ULF
precursor detection by satellites. To verify the reliability of the above phenomena, we have
used available data from the existing fluxgate and search-coil magnetometer databases:
INTERMAGNET [Love and Chulliat, 2013], IMAGE [Tanskanen, 2009], PWING [Shiokawa
et al., 2017], and Russian Arctic stations [Kozyreva et al., 2022].

2. Magnetic storms as a trigger of EQs

The possibility of a triggering effect of solar activity and associated space weather
disturbances (magnetic storms) on the Earth's seismicity is actively discussed. When
the accumulated stress along the fault is close to the critical level, even a weak external
impact can provoke instability of lithospheric blocks and serve as an EQ trigger. This
concept is based on the assumed excitation during magnetic storms of telluric fields and
currents flowing along faults, affecting the dynamics of the pore fluid. It was reported
that after magnetic storms with sudden commencement (SC), the number of weak EQs
in Tajikistan and Kyrgyzstan increased by 3—4 per day in an area with a size of about a
hundred km [Sobolev et al., 2001; Zakrzhevskaya and Sobolev, 2002, 2004]. An increase in
the daily number of local EQs in Kyrgyzstan and Carpathians on the 2nd day after the solar
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flare was found [Kuznetsova et al., 2005]. A high correlation was found between the diurnal
variation of weak seismicity and the geomagnetic Sq variation [Duma and Ruzhin, 2003].

To substantiate the idea of a triggered release of energy accumulated in the crust in
the form of weak EQs, experiments were carried out in Tajikistan and Kyrgyzstan with
the magnetohydrodynamic (MHD) generator. Powerful electromagnetic pulses from an
MHD generator were found to cause a noticeable activation of seismicity, which was most
pronounced in its upper 5-km layer [Tarasov, 1997]. The intensity of the EQ flux increased
sharply 5-6 days after the impact, and the release of the seismic energy turned out to be 5
orders of magnitude greater than the pulse energy. These results were confirmed in the
Northern Tien Shan, where similar changes in the seismic regime after the MHD impact
were revealed [Tarasov et al., 1999]. Later, instead of an MHD generator, a capacitor-thyristor
source was used, but, as in previous works, a noticeable activation of seismicity after impact
was revealed [Smirnov and Zavyalov, 2012; Tarasov et al., 2001]. The fundamental possibility
of the initiating effect of electrical impulses on microcracking processes and the level of
acoustic emission was confirmed in laboratory experiments with rock samples under
load [Zeigarnik et al., 2022].

Often the literature presents the observations of possible triggered phenomena related
to a selected event [Straser et al., 2015]. Despite the importance of case studies, this
approach does not provide reliable evidence in favor of the trigger effect reality and should
be supplemented by statistical analysis. Kozyreva and Pilipenko [Kozyreva and Pilipenko,
2020] tested the idea of a magnetic storm as an EQ trigger for a region of Alaska with
high seismicity, and where magnetic activity is much stronger than at low latitudes. They
used the super-posed epoch (SPE) method for the College magnetometer data, whereas the
moment of a quake was chosen as a reference zero point. To characterize the central trend
in the sample, the median value was used, which (unlike the mean value) is resistant to
outliers, and only for a normal distribution coincides with the mean value. If the magnetic
field variations are in no way associated with seismic activity, the dynamics of the magnetic
variation intensity on the SPE plot before and after an EQ will be the same. If strong field
variations are an EQ trigger, then the dynamics in the previous 10 days should show a
systematic increase in the disturbance and variability of the geomagnetic field. The SPE
graphs of the magnetic activity parameters (hourly Dst-index, |[AX]|, and |dX/dt|), before
“strong” (M > 5) EQs did not show any statistically significant enhancement before the
seismic shock that goes beyond the dispersion. Similar negative results were obtained for
weak (3<M<5) near-surface (H<5 km) EQs, weak small-depth (H=5-10 km) EQs, and weak
shallow (H = 10-30 km) EQs. The obtained negative result casts doubt on the hypothesis of
a magnetic storm as a possible EQ trigger.

The question under consideration is part of the fundamental problem of the impact
of solar activity on geophysical processes. Analysis of long-term archives of solar and
geophysical data led to completely different conclusions. On long time scales (tens to
hundreds of years), global seismicity was found to be higher either during periods of solar
maxima [Han et al., 2004; Odintsov et al., 2006], or minima [Simpson, 1967]. On smaller
time scales (monthly and annual variations), it was argued that global seismicity correlates
with geomagnetic variations [Duma and Vilardo, 1998; Rabeh et al., 2009]. At the micro level,
high-frequency seismic noise was claimed to be sensitive to magnetic storms [Adushkin
et al., 2012; Sycheva et al., 2011], but the connection between background seismicity and
geomagnetic variations was denied in [Desherevskii and Sidorin, 2016]. At the same time,
the statistical relationships between seismicity and solar activity were refuted in [Love and
Thomas, 2013; Stothers, 1990].

Nonetheless, attempts to reveal a hypothetical relationship between the solar activity
and seismic process still go on. [Doda et al., 2013] developed the forecasting scheme based
on the empirical fact that a strong EQ happens on 14-th day after the solar ejecta (flare or
coronal mass ejection) in the region of intersection of lithospheric fault with the merid-
ian with most intense geomagnetic disturbance. Dedicated experiments indicated that
“laboratory EQs” (disruption of samples under load) can be triggered by electromagnetic
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impulses [Sorokin et al., 2019]. Authors supposed that similar electromagnetic triggering of
EQs by solar flare or sudden impulses preceding the magnetic storm onset may operate in
the terrestrial lithosphere as well. Thus, a large work is still ahead to validate the reported
solar-seismic relationships an comprehend their mechanisms (if any).

3. Global ULF wave precursors of strong EQs

The possibility of sporadic quasi-monochromatic signals before an EQ deserves special
consideration. There were a number of reports on the observation of “precursory” ULF
signals. At low-latitude station Dusheti before several strong (M>6) EQs in the world,
[Gogatishvili, 1984] observed specific geomagnetic pulsations with a duration from several
minutes to several hours with an amplitude of ~10-15 nT and periods of 1-20 s (range
of Pc1-2) several tens of minutes or several hours before the quake. [Bortnik et al., 2008]
examined the association between EQs and Pc1 pulsations observed for 7.5 years at a low-
latitude station in California. They found a statistically significant enhanced occurrence
probability of dayside Pcl pulsations 5-15 days in advance of EQ (M>3) within 200 km
around the magnetometer. However, [Guglielmi and Zotov, 2010] from the catalogues of Pcl
and earthquakes, revealed that diurnal Pcl activity in the middle latitudes is statistically
higher when the global seismic activity is lower. Before the strongest EQ off the coast of
Antarctica on March 25,1998 (H =10 km, M = 8.8) at station Vernadsky, a series of intense
pulsations with periods of several tens of seconds (Pc3-4 range) was recorded [Bakhmiutov
et al., 2003]. A possible mechanism of “anomalous” ULF signal generation has not been
even suggested.

The most active searches for “precursory” ULF signals have been carried out at the
Caucasian Geophysical Observatory (CGO), located at a depth of 3.5 km. In a series of
publications [Sobisevich et al., 2009a,b, 2010a, 2012, 2013] the detection of quasi-periodic
short-term signals with periods of 50-150 s before large EQs (M > 5.5) in the world a few
hours before the shock was reported. However, in [Kosterin et al., 2015] the registered
“precursory” signals were compared with the data of other magnetic stations. The set of
morphological properties of the observed global “precursory” signals — impulsive waveform,
characteristic frequencies, decrease in amplitude with decreasing latitude, confinement to
the night sector — was in good agreement with the characteristic features of magnetospheric
Pi2 pulsations. In a similar way, the reported by [Sobisevich et al., 2017; Sobisevich, 2020;
Sobisevich et al., 2010b] daytime long-term quasi-monochromatic “precursory” signals
turned out to be Pc3-4 pulsations of the magnetospheric origin. Thus, it can almost
certainly be asserted that the recorded signals are magnetospheric ULF pulsations and are
not related to seismic activity.

4. Geomagnetic impulses before quakes

Anomalous ULF disturbances during the activation of seismic activity may have an
impulsive character [Bleier et al., 2009; Naumov, 1999]. An amazing phenomenon was
described in a series of papers [Dovbnya, 2011, 2014, 2021; Dovbnya et al., 2006, 2008,
2019] - the appearance of global magnetic impulses a few minutes before the seismic shock
(see example in Figure 1). The effect was found from the data of induction magnetometers at
stations Borok and College, separated by 12 h in longitude and 10° in latitude. Precursory
pulses with an amplitude not exceeding 20 pT in the frequency range from 0 to 5 Hz
appeared at both stations almost simultaneously at significant distances from the epicenter
(up to 10* km). This intriguing hypothesis may be a truly major discovery in geophysics, so
its critical consideration should be taken carefully.

In [Martinez-Bedenko et al., 2023] the hypothesis about the appearance of a pulsed
magnetic precursor was suggested to test using the network of induction magnetometers
PWING at Far East. Indeed, the appearance of impulse disturbances synchronously at
several stations was detected. However, the waveforms of the pulses indicate that they can
be associated with the excitation of the Schumann Resonance (Figure 2). This resonant
electromagnetic structure with a fundamental frequency of 7.8 Hz is formed by the Earth's
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Figure 1. The appearance of global magnetic impulses few minutes before the seismic shocks in
dynamic spectra from Borok observatory (from [Dovbnya, 2021]).

surface and conductive layers of the upper atmosphere (~80 km) and is effectively excited
by lightning discharges. Comparison with the world-wide lightning monitoring system
WWLLN shows that at least a part of the pulses is a response to a lightning discharge
(Figure 3). Statistics based on automatic calculation of the number of impulses before
and after a seismic shock in a 5-min interval has not shown any predominance of impulse
disturbances before local EQ:s.

Although the detailed analysis did not confirm the hypothesis of ultra-short ULF
pulses as a precursor of EQs, their physical nature was established — they are caused by
atmospheric electric discharges [Marchuk et al., 2022]. In principle, it can be suggested
that the appearance of a lightning discharge before an EQ is not just a coincidence, since a
seismic process can cause changes in the electrochemical properties of the lower atmosphere
due to the release of radioactive emanations [Harrison et al., 2010; Pulinets and Davidenko,
2014]. Additional ionization of the lower atmosphere by aerosols and Rn emanations can
trigger lightning discharges under favorable conditions [Yagova et al., 2019]. In general,
the question of the connection between the process of EQ preparation and atmospheric
electricity remains poorly studied, and any reasonable assumptions in this area are hard
to make. The WWLLN data on global lightning activity may be used to construct the
index characterizing a possible contribution of ULF noise at a particular site produced
by distant atmospheric discharges. This new index may help to avoid confusion about
magnetospheric, atmospheric, and lithospheric sources.

5. Long-period geomagnetic disturbances generated by strong EQs

The study of the Earth's magnetic field variations accompanying seismic phenomena
is important for understanding the mechanisms of inter-geosphere interactions. Besides
the co-seismic magnetic effect, long-period geomagnetic disturbances (time scale of a few
tens of minutes) around the main shock were noticed [Adushkin and Spivak, 2021]. It was
suggested that the probable mechanism of this effect is the excitation of the ionosphere
in the epicentral region by acoustic-gravity waves (AGWs) resulting from movements of
the earth's crust [Adushkin and Spivak, 2021; Chernogor, 2019]. Based on observations at
mid-latitude station Mikhnevo (MKH) [Spivak and Ryabova, 2019] claimed that strong EQs
are accompanied at far-distant stations by geomagnetic long-period disturbances (period
~5-20 min) with amplitude 2-4 nT (see example in Figure 4, where the reported mid-
latitude long-period disturbance is marked by the rounded red box). The authors suggested
that these disturbances of the magnetic field are caused either by underground dynamic
processes or disturbances in the Earth's ionosphere over the epicenter. This interesting
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Figure 2. The example of impulse disturbances synchronously recorded at stations MGD and PTK
(X and Y components).

hypothesis certainly requires a detailed discussion from various points of view [Nosikova
et al., 2023].

All the results presented in those studies were obtained at low- and mid-latitude
stations. We have performed an extended analysis of published events, using additional
data from stations at auroral latitudes in the same longitudinal sector, where anomalous
disturbances were detected. The consideration of magnetograms from a latitudinal profile
of stations from low-latitude up to auroral latitudes evidence that the reported “seismo-
genic” disturbance is just a weak low-latitude response to an intense disturbance at higher
latitudes (Figure 4). Thus, the long-period “seismic-associated” geomagnetic disturbances
are just accidentally coincided with EQs.

Moreover, there are no physical grounds to expect the appearance of harmonic ULF
signals before an EQ, which propagates over the entire globe. Excitation of geomagnetic Pc5
pulsations in the ionosphere above the epicenter by acoustic waves generated by oscillations
of the earth's surface was indeed observed after some intense EQs [Iyemori et al., 2005],
but distant propagation of such a disturbance along the ionosphere over vast distances
is hardly possible. An MHD waveguide in the upper ionosphere capable of propagating
ULF waves over distances of up to several thousand km has a critical frequency of ~0.5 Hz,
which is much higher than the considered frequency range. Although AGWs can reach the
conducting E-layer (~120 km) and induce periodic currents, thereby creating magnetic
disturbances [Zettergren and Snively, 2015], the propagation of AGWs along the earth's
surface occurs at low speeds ~100 m/s, and their magnetic signatures can be revealed after
intense quakes or volcano eruptions on a regional scale only [Gavrilov et al., 2022].
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Figure 3. Comparison of discharge moments from the WWLLN database (green vertical lines) and
geomagnetic impulses (blue) around EQ (marked by red triangle).

6. Discrimination of underground ULF sources by amplitude-phase gradients

The situation with ULF electromagnetic precursors remains ambiguous to date, as the
amplitude of possible electromagnetic noise caused by seismic activity is apparently small.
Therefore, for confident discrimination of seismogenic disturbances, the development of
special methods for recording and analyzing data is required. There were proposals to
use gradient measurements with a small baseline (no more than a few km), which would
suppress the contribution of large-scale disturbances of ionospheric origin [Ismaguilov
et al., 2003].

The approach used in [Ismaguilov et al., 2003, 2006; Kopytenko et al., 2006] is based
on the premise that an electromagnetic field propagates in the conductive Earth in a wave
manner with strong attenuation. The amplitude-phase gradient method assumes that ULF
wave horizontal propagation velocity is determined by crust conductivity as follows U =
A/T = /10p/T, where the relation of the wavelength with resistivity was used A = {/10pT.
The gradient method enabled to seemingly successfully retrieve seismogenic signals several
months before nearby EQs with M = 5-6 in Japan at a distance <100 km [Kopytenko
et al., 2012]. The measured amplitude gradient in the band 0.03-0.1 Hz (Pc2-3 band) was
typically around G = 0.1-1 pT/km, and phase velocity U = 20-100 km/s.

However, amplitude/phase gradients of ULF field can be created by the magneto-
spheric wave conversion process in the resonant region, where the period of source T tends
to Alfven period T4 of local field line oscillations. The latitudinal structure of ULF wave
amplitude and phase in the resonant region has been modeled using the numerical solution
of the equations for coupled MHD modes [Pilipenko et al., 2016]. The modeling results
in Figure 5 demonstrate that the resonant component By (corresponding to the ground
H-component) in the meridional direction has a strong gradient of amplitude VB and
phase difference A¢ up to 180°. The spatial-frequency ULF wave structure in a vicinity
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Figure 4. The long-period geomagnetic disturbance detected at mid-latitudes (marked by a red
empty box) that was claimed in [Spivak and Ryabova, 2019] to be associated with strong EQ (marked
by a vertical dashed line). The geomagnetic latitude and longitude are indicated near the station
codes at left-hand vertical axis.

of the Alfven resonance is described analytically by asymptotic decomposition [Best et al.,
1986]. The phase gradient reaches an extreme value at x — x4 (f) as follows

%9 _
T =(an, 1)

where a~! = dIn V;/dx is the latitudinal scale of the Alfven velocity inhomogeneity, and T
is the normalized wave dissipation coefficient. The relationship (1) can be used to estimate
the phase gradient from the data from stations separated by distance Ax, A¢(rad) = Ax/al.
The sign of phase shift corresponds to an apparent poleward propagation. The phase
shift A¢ corresponds to an apparent phase velocity U = w(d¢/dx)~'. The measurements
in [Ismaguilov et al., 2003; Kopytenko et al., 2002] were made for Pc3 frequency band
(0.05 Hz). For the reasonable values I' ~0.1, a~103 km, the apparent phase velocity in the
resonant region is to be U~25 km/s. This estimate is close to the observational results,
presented in Figure 6.

The latitudinal structure of magnetospheric ULF waves with significant amplitude/phase
gradients is formed in the resonance region, therefore, the gradient method of the seis-
mogenic pulsations detection must be applied only in the frequency band far from the
magnetospheric field-line resonator frequency. To choose a proper frequency range not
contaminated by the resonant effect, the theoretically calculated latitudinal profile of
fundamental Alfven period T4 (®P) can be used [Menk and Waters, 2013]. Notice, the results
presented in [Ismaguilov et al., 2003; Kopytenko et al., 2012] were obtained at low latitudes
for geomagnetic signals with periods around the resonant periods. Thus, the gradient
method of seismic-related signal detection must be supported by the examination of reso-
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Figure 5. The numerically modeled resonant structure of ULF waves in the magnetosphere: the
left-hand panel shows the latitudinal profile of amplitudes, and the right-hand panel shows the
phase profile. The magnetospheric By (Bx) components correspond to the components H(D) on the
ground.

nant effects, and can be performed only in a frequency-space domain far from the resonant
region.

The ground magnetic effect of an underground source (e.g. current along a fault)
is a mixture of the source current produced mechano-electrical transformations and the
spreading conductive currents. Moreover, for ULF range the propagation inside the crust
has a diffusive character. Therefore, the reliable gradient method must be augmented by
a numerical model of ULF emission from an underground horizontal current of a finite
length.

7. Depression of ULF power as a short-term EQ precursor

Most of the research on the search for electromagnetic precursors was aimed at
detecting radiation caused by mechano-electromagnetic converters in the earth's crust.
At the same time, the opposite phenomenon was unexpectedly discovered - depression
of ULF noise intensity of the geomagnetic field in the frequency band 0.01-0.1 Hz a few
days before EQs [Hayakawa, 2013; Li et al., 2015; Molchanov et al., 2004; Schekotov and
Hayakawa, 2017; Schekotov et al., 2006, 2008]. This interesting new phenomenon could be
applied to short-term EQ prediction [Hayakawa et al., 2015; Schekotov et al., 2013]. The
ULF depression may be caused by an enhancement of ionospheric turbulence before an EQ,
which leads to additional absorption of magnetospheric noise upon passing through the
ionosphere [Sorokin et al., 2004]. Additional turbulence of the ionosphere can be caused by
the action of AGWs excited by seismic activity.

If the effect of geomagnetic depression is really associated with the processes of
preparation of a seismic event, then the same effect should be absent at observatories
remote from the epicenter. To test this assumption, we have used data from the entire
PWING network of induction magnetometers for the EQ event on April 14, 2016 (M =
6.2, H = 32 km) in Kamchatka, previously described in [Schekotov et al., 2020]. In the latter
study, in the period from April 06 to April 14, 2016, anomalies in the behavior of ULF
noise were detected — the depression of the noise intensity several days before the EQ.
To identify anomalies, the parameter AS was used, which is the reciprocal value of the
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Figure 6. The gradients and phase velocities of anomalous ULF signals in Pc3 frequency band
(0.05 Hz) detected before EQ by gradient method in [Ismaguilov et al., 2003; Kopytenko et al., 2002].

band-integrated spectral density W of the horizontal component, calculated over 3-hour
nighttime intervals. Comparison of the AS parameter with the seismicity index showed
that the largest depression value preceded the moment of the EQ by 4 days (Figure 5).
Using a similar scheme, we have calculated the variations in the spectral power W(t) in the
band 0.01-0.8 Hz for the horizontal Y component at night hours for all PWING stations
(Figure 7). Since the equipment at each station has its own sensitivity, the time series of
W(t) at each station has been normalized separately to the maximum value during the
entire interval. At two nearby stations KRM and PTK, located not far from the epicenter,
the depression was most clearly observed on the nights of April 8-9 and April 10-11. This
behavior of W(t) coincides with the results from [Schekotov et al., 2020]. But if the effect of
geomagnetic depression is really associated with pre-EQ processes, then the same effect
should be absent at observatories far from the epicenter. Therefore, the same method was
used to analyze the data from the distant MSR and MGD stations located 1514 km and
915 km away from the epicenter. Comparison of W(t) variations at different stations shows
that noise intensity depression is observed synchronously both at nearby to the epicenter
and at remote (farther than ~1000 km) stations. Thus, depression turns out to be a general
magnetospheric process, apparently unrelated to seismic activity.

The reason for the global depression of ULF noise is clearly seen in Figure 8, which
shows the planetary geomagnetic index AE, characterizing the disturbance of the geo-
magnetic field at auroral latitudes. During the periods of April 8-9 and April 10-11, the
planetary magnetic situation was exceptionally calm, so even at auroral latitudes the AE
index dropped to about several tens of nT. Only after April 11 the geomagnetic activity
begins to increase, which can be seen from the behavior of the AE index.
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M = 6.2andH = 32 km in Kamchatka from [Schekotov et al., 2020].

8. Feasibility of the seismogenic ULF disturbance detection by satellites

Attempts are being made to detect seismogenic ULF disturbances on low-Earth-orbit
(LEO) satellites [Kodama et al., 2000; Picozza et al., 2021]. The number of reports of
“anomalous” electromagnetic disturbances in the ULF range, detected by satellites in the
upper ionosphere, is constantly growing [Bilichenko et al., 1990; De Santis et al., 2015; Huang
et al., 2020; Zhu et al., 2021]. The most cited pioneering results of EQ precursors detection
in the upper ionosphere were obtained on the OREOL-3 and IKB-1300 satellites [Chmyrev
et al., 1986, 1989]. During the nighttime flight of IKB-1300 (altitude 800 km) above the EQ
source, 15 minutes before the main shock variations were recorded in the range of 0.1-8 Hz
in the horizontal magnetic components with typical amplitude about several nT and in the
electric field component with amplitude about few mV/m. [Gousheva et al., 2008] revealed
the enhancement up to ~5-15 mV/m of the quasi-DC electric field in the upper ionosphere
at ICB-1300 over epicenters during seismic activity over various regions. In many studies
bursts of electromagnetic noise in the ionosphere in the ELF and VLF frequency bands
were noticed in the vicinity of epicenter before the seismic shock.

These encouraging results have stimulated the development of specialized satel-
lite missions for detecting seismo-electromagnetic emissions - DEMETER (orbit altitude
~660 km) [Parrot and Lil, 2015], CSES (orbit altitude ~500 km) [Zhima et al., 2022],
ESPERIA ([Sgrigna et al., 2008], QUAKESAT [Warden et al., 2020]. Besides, data from
the multi-probe mission SWARM were used for the search of seismogenic ULF distur-
bances [De Santis et al., 2019]. In the specialized satellite project DEMETER the sensitivity
of the electromagnetic complex was so high that at auroral latitudes the sensors went
into saturation. Before an EQ with M = 7.9andH = 10 km, an increase in the electrical
component of the noise was found in the vicinity of 5.8 Hz [Walker et al., 2013]. [Zhang
et al., 2014] introduced a new parameter for the ULF/ELF electric field perturbations,
which includes not only the intensity, but also its attenuation character. After processing
the local nighttime DEMETER data during 5 days around 25 seismic events with M > 6.0
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Figure 8. Variations in the spectral power W in the band 0.01-0.8 Hz for the horizontal Y component
at night hours for PWING stations. The red color corresponds to nearby stations, blue color denotes
distant stations. The upper panel shows the planetary geomagnetic index AE, characterizing the
disturbance of the geomagnetic field at auroral latitudes.

in Chile they found precursory anomalies before 2/3 of EQs. Clear temporal and spatial
statistical correlations between ULF wave activity in the nighttime ionosphere and EQs
(M >5.0,H <70 km) were found in the electric field data from DEMETER [Ouyang et al.,
2020]. The enhanced ULF wave occurrence rate happened ~1 day and ~1 week before the
EQs at distance <200 km from the epicenters. [Zhang et al., 2014] presented ULF electric
field (DC-15 Hz) observations during local nighttime by DEMETER satellite around seismic
regions of Indonesia and Chile. Anomalous ULF electric field perturbations were revealed
with amplitudes < 10 mV/m before some large EQs. [Akhoondzadeh, 2013] observed anoma-
lies in the ULF magnetic and electric components a few days prior to the strong earthquake.
Electromagnetic measurements on the CSES satellite in the band 75-90 Hz revealed an
increase in noise power in the nighttime ionosphere by 10-30% a few days before EQs with
M =6.4and M =7.4 [Wang et al., 2021]. Zhima et al. [2022] suggested that the possible
abnormal emissions in the ULF band recorded by CSES satellite were emitted during the
EQs.

It is implicitly assumed that the emission from an underground ULF/ELF source
directly reaches a LEO satellite upon propagation through the ionosphere as illustrated
in Figure 9. To estimate the necessary intensity of a seismic source of anomalous radiation
that can be detected at LEO, one has to model the response of the ionosphere to a large-
scale underground emitter. The obtained estimate can be compared with the observational
results, so a conclusion about the prospects of satellite observations for the search for
seismo-electromagnetic emissions may be given. The problem cannot be reduced to the
classical problems of electromagnetic radiation from a dipole buried in a conducting half-
space. In the situation under consideration, the system of oscillating currents in the earth's
crust has a length comparable to the height of the ionosphere, so its finite scale must be
taken into account. Such numerical calculations of the penetration of ULF fields from an
underground source into the ionosphere were performed in [Molchanov et al., 1995; Wang
et al., 2021], but these models have certain significant limitations and cannot provide a
comprehensive solution to the problem.

The advanced numerical model that makes it possible to estimate the ULF fields
generated by an underground horizontal current of finite length both on the earth's surface
and in the upper ionosphere was elaborated in [Fedorov et al., 2023; Mazur et al., 2024].
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This model includes the atmospheric conductivity profile and realistic vertical structure of
the ionospheric parameters derived from the IRI model. With the use of this model, the
spatial structure of the amplitude of the 0.1-Hz radiation field is calculated simultaneously
for the upper ionosphere (z = 500 km) and on the ground (Figure 10). The underground
current with intensity 1-A, length 20 km, at depth 20 km in the crust with conductivity
1073 S/m, was taken. The maximum disturbance of transverse electric components directly
above the source current (y = 0) reaches |E| ~2 x 1073 pV/m. The underground current
that is capable to produce the observed in early satellite mission E-field disturbance >
1 mV/m in the upper ionosphere is to be >10° A. However, according to the numerical
model, in this case, a perturbation of the geomagnetic field B~103 nT arises on the earth's
surface (see the bottom panel in Figure 10). Such geomagnetic disturbances, comparable
to disturbances during strong substorms, would be detected by the existing network of
magnetometers. Therefore, ULF disturbances before EQs recorded onboard early satellites
can hardly be associated with direct radiation from underground sources of a seismic nature.
Only modern observations with sensitivity better than 1 pV/m may produce trustworthy
observations because the associated ground signature is to be around 1 nT.

9. Prospects of future research

The most decidedly adverse perspective in EQ studies, mainly from the seismology
and geodesy point of view, is that such complex system as EQ is inherently unpredictable
because of the highly sensitive nonlinear dependence on initial conditions. The situation is
similar to the following example. Having a dense array of all necessary meteodata one can
reliably predict an occurrence of severe weather. However, even with most complete set
of data it would be hardly possible to predict exactly the place and time where lighting
strike. Hopefully, overturning the situation with seismic process is possible through
multidisciplinary science. We believe that a critical analysis of all published results is as
important as a search for new seismo-electromagnetic effects. This may help to shut down
unpromising and misleading directions and thus save time and resources.

The elusive seismogenic ULF emissions are weak, so a simple monitoring of the ULF
power is not sufficient to reveal them from other sources. Advanced methods of time
series analysis may be helpful to resolve this issue. Some encouraging attempts have
been undertaken. [Serita et al., 2005] applied the principal component analysis (PCA) to
ground measurements of magnetic field in order to point out earthquake related anoma-
lies. The authors extracted the first two principal components related to geomagnetic
variation and anthropogenic sources, while the third component pointed out the possible
seismo-associated disturbances. By applying PCA to magnetic data from six observato-
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Figure 10. The spatial structure of the amplitude of the 0.1-Hz radiation field calculated for the upper
ionosphere (z = 500 km) (electric field components), and on the ground (magnetic field components).

ries [Kappler et al., 2017] were able to identify and distinguish global geomagnetic signals
and anthropogenic signals. The application of machine learning methods for automatically
classifying and recognizing earthquake precursors on ground and in space have been
explored [Rouet-Leduc et al., 2017].

Though the reported results on the effect of magnetic storms on seismicity seem
questionable, we do not completely deny the possibility of a relationship between solar
activity, the geomagnetic field, and seismicity, and do not deny in principle the possibility
of triggered effects in geophysical processes. It is possible that a trigger effect can manifest
itself only under a unique combination of favorable factors that are extremely rare and do
not appear in general statistics.

Though our analysis has not confirmed the occurrence of impulsive disturbances
few minutes before EQs, the study of the generation of electromagnetic pulses at the
stage of rock destruction seems to be very promising [Bleier et al., 2010; Freund et al.,
2021; Tsutsui, 2005]. To isolate unipolar magnetic pulses, presumably associated with an
increase in tectonic load on the rock, specialized time series analysis algorithms are to be
developed [Kappler et al., 2019].

A comparison of the variations in the integrated spectral power of magnetic noise
at array of stations showed that the depression of nighttime magnetic noise, which was
previously considered an operative precursor, occurred simultaneously at all nearby and
distant stations. Thus, at least for the re-examined event, noise depression cannot be
considered as a local short-term precursor. Thus, an additional analysis of all the reported
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events is required using an extended regional network of magnetometers to validate this
effect.

The evident weak point of seismo-electromagnetic studies is the lack of quantitative
physical models. Many studies are still based on qualitative concepts, without any esti-
mate of expected effect even with simplified theoretical models. Theoretical modeling
would make it possible to discard unrealistic physical mechanisms, otherwise, random
coincidences can be perceived as reliable experimental evidence. In particular, a new theo-
retical formalism is needed for calculating electromagnetic fields in the Earth-atmosphere-
ionosphere system, created by an underground current source. This numerical model can
be used to indicate characteristic features of such an underground source field that can
be used to discriminate disturbances from seismogenic sources. The first application of
such model to estimate the self-consistently expected amplitude of ULF emission in the
topside ionosphere and on the ground has shown that early “classical” results of satellite
observations cannot be interpreted as a result of direct ULF emission from a hypothetical
seismogenic source.

In all presented events, the geomagnetic field “anomalies” can be explained by global
geomagnetic activity and are apparently not associated with seismic processes. The consid-
ered issues are a clear illustration of the fact that the analysis of anomalous disturbances
should be carried out jointly by specialists in EQ physics and space weather. We suggest
that both communities must cooperate their studies more tightly and perform data ex-
change. A very effective tool for the in-depth study of geophysical phenomena and the
unification of the researcher's expertise is the common data analysis workshop (CDAW).
During the CDAW), all participants combine their observational data and modeling efforts
for a selected event to achieve the most comprehensive understanding of a phenomena
under study.
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